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Summary
Flying insects display exceptional flight performance and have inspired the development
of flapping wing micro air vehicles (FWMAVs). Flapping wings generate highly three-
dimensional (3D) and unsteady flow fields, yielding aerodynamic mechanisms that are
not found on conventional fixed and rotary wings, such as the stable leading-edge vortex
(LEV), rotational lift, clap-and-fling mechanism and wing-wake interaction. This study
seeks to further understand the physics of unsteady aerodynamics and provide insight
that will result in improved FWMAV capabilities, with a focus on the wing kinemat-
ics. For this purpose, experimental measurement, numerical simulation and quasi-steady
aerodynamic modelling approaches are utilised. Three main subjects are discussed.
First, a semi-empirical quasi-steady aerodynamic model for flapping wings in hover
has been developed. Unlike most existing models which are only developed for one
specific wing geometry and flow condition, the present model is adaptable to different
conditions and may serve as a useful predictive tool during the preliminary design of
future FWMAVs.
Second, the wing kinematics of flying insects are complex; whether a complex wing
motion yields improved aerodynamic performance over a simplified wing motion is uncer-
tain. This study investigates whether the wings’ elevating motion and the complex wing
rotation observed on actual insects yield aerodynamic benefits during hover. Results
indicate that the elevating motion may augment the aerodynamic performance under
specific circumstances. Additionally, flapping wing kinematics with complex rotating
motions show moderate improvements in lift generation and efficiency compared to kine-
matics with simplified rotating motions.
Third, the aerodynamic performance of an alternative wing kinematics, known as
the water treading motion, is investigated. Results show that the unconventional water
vii
treading motion outperforms the ubiquitous normal hovering motion for a flapping wing
in hover. However, the performance of the water treading motion deteriorates in the pres-
ence of a freestream velocity, indicating that it is ineffective for high speed forward flight.
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In recent years, the use of micro air vehicles (MAVs) for both civilian and military appli-
cations are becoming increasingly feasible due to advancements in engineering technology.
The desirable characteristics of a MAV include hovering capabilities, good manoeuvrabil-
ity, flight endurance and payload capacity. According to the Defense Advanced Research
Projects Agency (DARPA), MAVs should have dimensions of 15 cm or less and future
nano air vehicles should be of similar scale as actual insects (Platzer et al., 2008). MAVs
operate at low Reynolds number (Re), defined as Re=Uref c¯/ν where Uref is the refer-
ence velocity (forward flight velocity for fixed wing aircraft), c¯ is the mean chord and ν is
kinematic viscosity. Conventional fixed wing aircraft are unsuitable for MAV applications
due to their poor aerodynamic performance at low Re (Shyy et al., 2007) and inability
to hover; while rotary wing aircraft suffer from noise generation and susceptibility to
wall-proximity effects (Hu et al., 2011). On the contrary, flying insects display excep-
tional flight agility, being able to fly sideways, backwards or upside-down (Dickinson et
al., 1999).
More recently, Zheng et al. (2013a) and Hawkes and Lentink (2016) have shown
that insect-like flapping wings are significantly more efficient than rotary wings at the
Re of fruit fly (Re ≈ 100) and below. Additionally, flapping wings have an inherent
advantage over fixed wing aircraft in terms of gust and turbulence mitigation (Fisher et
al., 2016). The superior performance of flying insects is unsurprising considering that
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they fly at relatively low Re compared to most fixed wing aircraft. For example, typical
Re are Re=100 for fruit fly, Re=1, 000 for honeybee and Re=4, 000 for hawkmoth and
dragonfly (see Wang and Russell, 2007; Liu and Aono, 2009). These advantages have
spurred recent research interest in flapping wing aerodynamics.
Flying insects owe much of their flight capabilities to the highly three-dimensional
(3D) and unsteady flow generated by the reciprocating wings. Examples of wing models
undergoing actual insect wing motions are shown in Fig. 1.1. For better clarity, the
cross-section of a wing undergoing the kinematics of a hovering hawkmoth (taken from
Willmott and Ellington, 1997) is shown schematically in Fig. 1.2.
Figure 1.1: Isometric view of a fruit fly wing (adapted from Dickinson et al., 1999)
undergoing fruit fly hover kinematics (adapted from Liu and Aono, 2009) and a hawkmoth
wing (adapted from Liu et al., 1998) undergoing hawkmoth kinematics (adapted from
Willmott and Ellington, 1997). Blue coloured wings show the downstroke (‘DS’) while
green coloured wings show the upstroke (‘US’).
In Fig. 1.2, the wing begins the downstroke from the dorsal position. During the first
half of the downstroke, the wing accelerates and pitches down. During the second half
of the downstroke, the wing decelerates and pitches up. Near the end of each stroke,
stroke reversal occurs, and this is known as ‘supination’ at the end of the downstroke
and ‘pronation’ at the end of the upstroke. In this study, the ‘downstroke-supination-
upstroke-pronation’ motions are referred to as the primary motions. Other motions are
referred to as the secondary motions — these include the elevating motion where the
wing deviates from the stroke plane, and the small but complex adjustments to the
wing’s pitching angle throughout the stroke (which will discussed in detail in Chapter 6).
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Figure 1.2: Schematic drawing of the cross-section of a wing undergoing hawkmoth
kinematics.
Pioneering studies into flapping wing aerodynamics originated from zoologists’ at-
tempts to identify how insects generate sufficient lift to fly. In an early quantitative study,
Weis-Fogh (1973) estimated the lift coefficient (CL) of flying insects and concluded that
most insect flight can be explained by conventional steady-state aerodynamics, with the
exception of some very small insects which rely on the clap-and-fling mechanism to gen-
erate additional CL. However, a more detailed quantitative study by Ellington (1984a)
reported that steady-state aerodynamics cannot account for the flight of numerous insect
types that do not make use of clap-and-fling. Based on this ‘proof by contradiction’,
Ellington (1984c) proposed several lift enhancement mechanisms, such as delayed stall
and the production of circulatory lift due to wing rotation. Details of these aerodynamic
mechanisms will be discussed in Chapter 2.
More recently, flapping wing MAV (FWMAV) protoypes have been designed and
tested. Notable examples include Harvard’s miniature RoboBee (Wood, 2007) and the
DelFly series from Delft University of Technology (de Croon et al., 2009). Although these
prototypes are indeed impressive feats of engineering design, flight endurance remains a
concern among FWMAV prototypes. For example, the flight durations for the DelFly
Explorer and DelFly Micro are ten and three minutes, respectively (de Wagter et al.,
2014), while the RoboBee operates on tethered power supply. This weakness in flight
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endurance can be mitigated by using higher capacity batteries, weight reduction, or by
improving the aerodynamic performance.
In this study, the main interest is to improve the aerodynamic performance of insect-
like flapping wings in hover by focusing on the wing kinematics. According to Platzer et
al. (2008), it is important to provide FWMAV designers with the aerodynamic knowledge
and prediction tools for future FWMAV development. Hence, the main aims of this
study are to better understand the physics of unsteady aerodynamics and to provide the
necessary groundwork and insight from which future FWMAV designers may benefit.
Both experimental force measurements and computational fluid dynamics (CFD) are
utilised to address three primary topics.
First, a semi-empirical quasi-steady aerodynamic model for flapping flight is devel-
oped. This model offers rapid performance prediction and may serve as a useful predictive
tool for future FWMAV design and optimisation. Unlike most of the existing models in
literature, the present model is designed to be adaptable to different flow conditions and
wing geometry. Second, the effects of secondary wing motions (elevating motions and
complex pitching motions) on aerodynamic performance are investigated. This is in line
with an important point highlighted by Mueller (2001), who stressed that for successful
FWMAV development, there is a need to identify the types of insect-like wing movements
that are truly necessary for efficient MAV flight. The results will allow FWMAV design-
ers to evaluate whether secondary motions should be included in their designs, or should
be neglected altogether for a simpler, lighter actuation system. Third, the performance
of an alternative flapping kinematics known as the ‘water treading’ motion is investigated
and compared against the more ubiquitous ‘normal hovering’ motion typically observed
on actual insects.
1.2 Objectives
1. To develop a practical and versatile prediction tool that can rapidly evaluate the
aerodynamic performance of 3D flapping wings in hover.
2. To investigate the effect of elevating motion on aerodynamic performance of 3D
4
CHAPTER 1. INTRODUCTION
flapping wings in hover.
3. To compare the aerodynamic performance of 3D flapping wings with complex
insect-like motions against those with simplified motions.
4. To study an alternative flapping motion, known as the ‘water treading motion’, for
3D flapping wings in hover and in forward flight.
1.3 Organisation of Chapters
1. Chapter one contains the background and objectives of this study
2. Chapter two is a literature review on flapping wing aerodynamics.
3. Chapter three details the experimental and computational methods used in this
study.
4. Chapter four details the development of a semi-empirical quasi-steady aerodynamic
model for 3D flapping wings in hover.
5. Chapter five investigates the effects of elevating motion on the aerodynamics of 3D
flapping wings in hover.
6. Chapter six presents an optimisation study undertaken to compare the performance
of 3D flapping wings undergoing complex insect-like motions against those under-
going simple harmonic motions.
7. Chapter seven compares the aerodynamic performance of the unconventional ‘water
treading motion’ against the ubiquitous ‘normal hovering motion’.




2.1 Coordinate System of 3D Flapping Wings
Conventionally, for 3D flapping wings, the instantaneous position of the wing is expressed
as a function of three motion angles, namely, the flapping (ϕ), elevating (θ) and rotating
(ψ) angles, as illustrated in Fig. 2.1. Due to the transient nature of wing motion, these
angles are functions of normalised time t∗ = t/T , where t is the actual time elapsed and
T is the duration of one complete flapping cycle.
2.2 Aerodynamic Mechanisms of 3D Flapping Wings
Insect-like flapping wings undergo 3D reciprocating motions, which give rise to various
aerodynamic mechanisms that are not encountered in conventional fixed wings. As noted
in the reviews on flapping wing aerodynamics by Sane (2003) and Shyy et al. (2010),
these mechanisms include the leading-edge vortex (LEV), Kramer effect or rotational
force, clap-and-fling and wing-wake interaction.
2.2.1 Leading-Edge Vortex
Insect wings usually operate at angles of attack (α) that exceed the stall angle, resulting
in flow separation. For conventional fixed wings, this is detrimental to lift generation.
However, for 3D flapping wings, the flow separation gives rise to LEV formation, which
generates a significant leading-edge suction force (Polhamus, 1966). This has been iden-
tified as a key factor that allows lift generation in excess of quasi-steady predictions
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Figure 2.1: Instantaneous position of a flapping wing, defined by the flapping (ϕ), ele-
vating (θ) and rotating (ψ) angles.
(Ellington, 1984a). As a result, flapping wings can generate higher aerodynamic forces
than conventional fixed wings (Maxworthy, 1979; Ellington, 1984c). More recently, Wu
and Sun (2004) and Nagai and Isogai (2011) reported that the LEV accounts for about
90% of the flapping wings’ mean lift generation. For 3D flapping or revolving wings,
Lentink and Dickinson (2009), Jardin et al. (2012) and Ozen and Rockwell (2012) have
shown that the LEV can remain stable indefinitely, which suggests that LEV stability
originates from the three-dimensionality of the wing’s motion and geometry.
The morpology of a typical vortex structure generated by a generic flapping wing
is represented schematically in Fig. 2.2. As shown in Fig. 2.2, the LEV, tip vortex
(TV), trailing-edge vortex (TEV) and root vortex (RV) forms a vortex loop and the
individual vortices cannot be easily distinguished. The LEV appears as a conical vortex
that enlarges along the leading-edge from the wing root towards the wing tip (Ellington
et al., 1996; Liu and Aono, 2009; Ozen and Rockwell, 2012; Fu et al., 2014), which is
accompanied by an increase in vorticity from root to tip (Ozen and Rockwell, 2012; Fu
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Figure 2.2: Schematic drawing of a typical
vortex structure generated by a flapping
wing.
et al., 2014). In some studies, dual LEV structure is reported (Lu et al., 2006; Lu and
Shen, 2008; Carr et al., 2013; Fu et al., 2014). Near the wing tip, the LEV interacts with
the freestream and becomes more disorganised and incoherent (Lu and Shen, 2008; Carr
et al., 2013), eventually tilting streamwise and merging with the tip vortex (Ellington et
al., 1996; Carr et al., 2013).
The vortex loop formed by a flapping wing’s motion does not have constant circula-
tion throughout as the flow field is highly transient and unsteady (under steady condition,
Helmholtz’s first theorem applies and circulation of vortex filament is constant along its
length). The highly three-dimensional and unsteady nature of flapping wing aerodynam-
ics causes the effective velocity over the wing to vary in space and time. For example,
the effective velocity over the leading-edge increases linearly with the spanwise distance.
As a result, the circulation of the leading-edge vortex increases from the wing root to the
wing tip.
Several theories exist in literature with regards to why the LEV remains stable in
3D. Ellington (1984c; 1984d) attributed the LEV stability to the presence of a spanwise
flow, similar to that of a delta wing, that is responsible for the transport of vorticity from
the wing root towards the wing tip, where vorticity is fed into the TV. This spanwise
velocity has been observed in subsequent experimental and numerical studies including
van den Berg and Ellington (1997), Liu et al. (1998), Birch and Dickinson (2004), Lu and
Shen (2008), Ozen and Rockwell (2012) and Harbig et al. (2013a). The spanwise flow is
associated with the spanwise pressure gradient (Liu et al., 1998; Lentink and Dickinson,
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2009; Kim and Gharib, 2010; DeVoria and Ringuette, 2012), which may have originated
from the centrigufal forces or from the spanwise variation in LEV strength (Maxworthy,
2007; Carr et al., 2013).
At low Re (Re ≈ 160), the spanwise velocity is very low and does not coincide
with the vortex core (Birch and Dickinson, 2001; Aono et al., 2008; Lu and Shen, 2008;
Cheng et al., 2013; Harbig et al., 2013b), which suggests the presence of other LEV
stabilisation mechanisms. Some studies found that the tip vortex may be beneficial for
LEV stabilisation (Birch and Dickinson, 2001; Ansari et al., 2009; Shyy et al., 2009;
Jardin et al., 2012; Carr et al., 2013). However, other studies claimed that the tip
vortex plays a limited role in LEV stabilisation (Minotti and Speranza, 2005; Lentink
and Dickinson, 2009; Taira and Colonius, 2009) or may even be detrimental to LEV
stability (Lu and Shen, 2008; Hartloper et al., 2013). Other LEV stabilisation theories
that have been discussed in literature include the role of centripetal or Coriolis effects
(Lentink and Dickinson, 2009), vortex stretching (Lim et al., 2009) or vortex tilting
(Cheng et al., 2013). Interestingly, Garmann and Visbal (2014) reported that centrifugal
force is beneficial to LEV stability while Coriolis force is detrimental, but Jardin and
David (2015) arrived at the opposite conclusion.
Athough the exact mechanism that gives rise to stable LEVs remains debatable, it
is generally agreed that LEV remains stable if Rossby number (Ro) is sufficiently low
(Lentink and Dickinson, 2009; Wolfinger and Rockwell, 2014). Ro is the dimensionless
characteristics radius of the wing (Wolfinger and Rockwell, 2014) or the revolving strength
of the wing’s motion (Bos et al., 2013) that is inversely proportional to Coriolis and
centripetal accelerations (Lentink and Dickinson, 2009). Typically, Ro is defined as the
ratio of the radius of gyration to chord length. A small Ro represents a highly 3D
revolving motion which is associated with a stable LEV. Conversely, an infinitely large
Ro is essentially identical to a rectilinear translational motion which is associated with
LEV shedding (Wolfinger and Rockwell, 2014).
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2.2.2 Rotational Force
Near the end of each flapping stroke, the wing undergoes a high speed pitching-up rota-
tional motion (see Fig. 1.2). Ellington (1984c) and Dickinson et al. (1999) have associated
this rotational motion with the increase in lift generation that is observed at the end of
each stroke, which arises from the additional circulation generated by the wing to re-
establish the Kutta condition when a rotational motion is imposed (Sane and Dickinson,
2002). This is also known as the ‘Kramer effect’. According to Walker (2002), the ro-
tational force is a form of ‘circulatory-and-attached-vortex force’ that is similar to the
attached LEV and should not be associated with the Magnus effect. It is well-establised
that rotational force increases with respect to rotational velocity (Ellington, 1984c; Sane
and Dickinson, 2002; Sun and Tang, 2002) and decreases when the rotational axis is
moved towards the trailing-edge (Dickinson et al., 1999; Sane and Dickinson, 2002; Sun
and Tang, 2002). According to literature, the contribution of rotational force to the
overall lift generation of a typical flying insect is usually quite insignificant (Ellington,
1984c). More recently, Nagai and Isogai (2011) noted that rotational force contributes
to both lift and drag, making it an inefficient mechanism for primary lift generation.
2.2.3 Clap-and-Fling
In his seminal paper, Weis-Fogh (1973) proposed that the lift generation of some flying
insects (e.g. Chalcid wasp) are enhanced by the ‘clap-and-fling’ motion where the two
wings interact in close proximity during stroke reversal. Clap-and-fling is a wing-wing
interaction which produces a downward jet during the ‘clap’ phase and generates in-
creased circulation during the ‘fling’ phase (Weis-Fogh, 1973; Ellington, 1984c). More
recently, Lehmann et al. (2005) have shown that lift generation may be significantly aug-
mented (up to 17%) by clap-and-fling. Nevertheless, clap-and-fling is not a ubiquitous
manoeuvre and researchers have speculated that clap-and-fling may be the unintentional
concomitant of maximizing the stroke amplitude and velocity of the wing for higher lift
generation (Sane, 2003; Lehmann et al., 2005).
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2.2.4 Wing-Wake Interaction
Due to the reciprocating motion of a flapping wing, the wing will encounter the wake
created by its previous stroke, resulting in wing-wake interaction. Birch and Dickinson
(2003) referred to wing-wake interaction as a truly unsteady event that is not amenable
to quasi-steady modelling. Despite its complexity, wing-wake interaction is an interesting
topic for researchers as it may provide a means of extracting the kinetic energy in the
wake (Srygley and Thomas, 2002; Lehmann, 2008).
Wing-wake interaction can be broadly separated into two phases (Birch and Dickin-
son, 2003). The first phase consists of the wing encountering the vortices shed during
stroke reversal and its effect is dependent on kinematics (Wu and Sun, 2005). In particu-
lar, Lua et al. (2011) reported that wing-wake interaction is beneficial to lift generation
if the wing encounters a counter-rotating vortex pair which generates an induced jet to-
wards the wing. Conversely, if the wing encounters a single vortex after stroke reversal,
the vortex suction effect will result in lift reduction. More recently, Han et al. (2015c)
reported that the trailing-edge vortex shed during the pitching-up motion near the end
of the stroke forms a counter-rotating vortex pair with the leading-edge vortex and plays
a critical role in determining the wing-wake interaction effects. The second phase of
wing-wake interaction consists of the wing entering a downwash region generated by the
previous stroke, which decreases the lift generation (Birch and Dickinson, 2003; Wu and
Sun, 2005; Trizila et al., 2011).
There are noticeable differences between the wing-wake interaction for 2D wings and
3D wings. In 2D, the shed LEV and TEV tend form a vortex pair that induces a high
velocity jet, resulting in significant lift enhancement during the first phase of wing-wake
interaction (Wu and Sun, 2005; Lua et al., 2011). However, this mechanism is usually
less significant for 3D wings (Wu and Sun, 2005) and the wing-wake interaction is often
detrimental to lift generation. Wu and Sun (2005) and Aono et al. (2008) have reported
up to 18% and 20% lift reduction due to wing-wake interaction in their respective 3D
simulations.
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2.3 Wing Geometry
Flying insects display a wide array of wing geometries (Ellington, 1984b), which moti-
vated researchers to investigate the effect of wing geometry on aerodynamic performance.
Researchers have long noted that most insect wings have corrugated cross-sections. Ac-
cording to an early study by Rees (1975), the mean flow over a corrugated wing behaves
as though the folds are solidly filled and the corrugations have little effect on the mean
flow. This is confirmed in more recent studies by Luo and Sun (2005), Meng et al. (2011)
and Meng and Sun (2011). Hence, the corrugations are more likely present for structural
rather than aerodynamic purposes (Luo and Sun, 2005; Meng et al., 2011; Du and Sun,
2012). On the subject of planform geometry, Luo and Sun (2005) conducted simula-
tions of ten insect-inspired wing models with different planform geometries and reported
remarkably similar force coefficients, which indicates that the details of the planform
geometry have little effect on the aerodynamics of an insect-like wing.
The wing aspect ratio (AR) is one of the geometric parameters known to significantly
affect aerodynamic performance. It is often reported that the effects of AR on the mean
lift coefficient (CL) and mean drag coefficient (CD) are quite insignificant (Usherwood
and Ellington, 2002b; Luo and Sun, 2005; Meng et al., 2011a). Carr et al. (2013) also
reported that CL is quite insensitive to AR, although they did show a slightly decrease in
CL when AR increases from 1 to 4. Luo and Sun (2005) postulated that the insensitivity
of force coefficients towards AR is because of two counter-acting effects that occur when
AR is increased, namely, the reduction of 3D wing tip effects (which increases force
coefficients) and the decrease in LEV stability (which decreases force coefficients).
Conversely, some researchers have shown that CL is influenced by AR. At low AR
(AR < 2), CL usually increases when AR increases (Harbig et al., 2013b; Garmann and
Visbal, 2014; Han et al., 2015a). Subsequently, from AR=2 to 5, CL tends to form a
plateau where CL does not vary significantly with respect to AR (Harbig et al., 2013b;
Garmann and Visbal, 2014). In some cases, CL may show an optimum point instead of
a plateau (Han et al., 2015a). At excessively high AR (AR > 5), CL usually decreases
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when AR increases (Harbig et al., 2013b; Han et al., 2015a).
In a comprehensive study by Kruyt et al. (2015), the effect of AR was tested across
a wide range of α. At low α, an increase in AR significantly increases CL and CL/CD,
which is consistent with conventional fixed-wing aerodynamics. At high α, the trend of
CL against AR generally follows the ‘increase-plateau-decrease’ trend as seen in Harbig et
al. (2013b) and Garmann and Visbal (2014). Furthermore, Kruyt et al. (2015) reported
that an intermediate AR ≈ 4 yields the best CL/CD at α ≈ 45◦, which suggests that the
selection of AR of natural flyers is likely for the purpose of aerodynamic efficiency.
2.4 Wing Flexibility
High speed videography has shown that insect wings are flexible and display significant
deformation. Insect wings are highly anisotropic due to the membrane-vein configuration
and the reinforced leading-edge (Shyy et al., 2010). Additionally, the flexural response
of insect wings is usually asymmetrical (Combes and Daniel, 2003b; Shang et al., 2009).
Combes and Daniel (2003a) proposed that the complex structures of insect wings have
the purpose of permitting beneficial deformation while minimising detrimental bending.
Hence, the study of insect-like wings in flight is a fluid-structure interaction (FSI)
problem that involves a large number of dimensionless parameters including Reynolds
number, Strouhal number, reduced frequency, density ratio, effective stiffness and effec-
tive rotational inertia (Shyy et al., 2010). These factors are closely coupled; for example,
the aerodynamic loads determine the wing kinematics, which in turn affects the inertial
forces (Shkarayev and Kumar, 2016). As a result, it is difficult to conduct scaled experi-
ments that yield realistic wing deformation (Mountcastle and Daniel, 2009; Shang et al,
2009; Shyy et al., 2010; Tanaka et al., 2011). Additionally, Hou et al. (2015a, 2015b) pro-
posed that the biological fluids in insect veins may significantly affect the mass properties
of insect wings, which further complicates the FSI problem.
Numerous researchers have studied the effect of wing flexibility on aerodynamic per-
formance, often arriving at different conclusions. This is because the performance of
flexible wings is highly sensitive to the specific structural design. Some researchers re-
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ported that wing flexibility is beneficial to lift generation and/or efficiency (Altshulter
et al., 2004; Mountcastle and Daniel, 2009; Vanella et al., 2009; Young et al., 2009; Du
and Sun, 2010; Eldredge et al., 2010; Tay and Lim, 2010; Zhang and Zhou, 2011; Du and
Su, 2012; Nakata and Liu, 2012; Kang and Shyy, 2013; Truong et al., 2013; Gogulapati
et al., 2014; Noda et al., 2014; Nguyen et al., 2016). Conversely, there are some studies
showing that wing flexibility is detrimental to lift or thrust generation (Zhao et al., 2009;
Lua et al., 2010; Mazaheri and Ebrahimi, 2010; Zhang et al., 2010; Tanaka et al., 2011;
Phan et al., 2016). The optimum amount of wing flexibility is also highly dependent
on other factors such as wing kinematics (Cheng and Lan, 2015). Interestingly, wing
flexibility alters the clap-and-fling mechanism, creating the clap-and-peel mechanism in
which the trailing-edges touch momentarily and become impervious to flow, resulting in
a noticeable increase in thrust generation (Deng et al., 2016).
Overall, the FSI of flexible flapping wings is complex and not well-established. Hence,
in this study that focuses on the effect of wing kinematics, the rigid wing assumption
has been adopted. Several studies in the past have evaluated the validity of the rigid
wing assumption. For example, Sun and Tang’s (2002) simulations show that the rigid
wing is able to generate higher lift than the insect weight. Hamamoto et al. (2007) found
that flexible and rigid wings generate similar CL when the wing tip motions are set to
be identical. More recently, Aono et al. (2008) conducted simulations of a fruit fly with
rigid wings and reported lift generation that is within 2% of the insect weight. These
findings indicate that rigid wings are able to capture the important flow physics that are
responsible for the lift generation of real insect wings.
2.5 Kinematics of 3D Flapping Wings in Hover
2.5.1 Parametric Representation of Wing Kinematics
In literature, it is a common practice to approximate the motion profiles of flapping wings
using simplified mathematical functions. For the flapping motion, researchers typically
make use of a trapezoidal (Sane and Dickinson, 2001; Sun and Tang, 2002; Jardin et al.,
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2012) or sinusoidal velocity profile (Sun and Du, 2003; Lu et al., 2006; Gopalakrishnan
and Tafti, 2009; Lua et al., 2010; Trizila et al., 2011; Bos et al., 2013; Zheng et al.,
2013b; Jones and Yamaleev, 2015). Assuming a trapezoidal velocity profile, the flapping
motion can be fully defined by the flapping amplitude (ϕ0) and the duration of flapping
acceleration/deceleration (∆τA). An example of the trapezoidal flapping velocity profile
is shown in Fig. 2.3(a), where the instantaneous flapping velocity (ϕ˙) is normalised by
the maximum flapping velocity (ϕ˙max). Each stroke begins with the acceleration phase
where ϕ˙/ϕ˙max varies as a sinusoidal function of t
∗, followed by a constant ϕ˙/ϕ˙max phase.
Near the end of the stroke, deceleration occurs where ϕ˙/ϕ˙max is a sinusoidal function of
t∗. Note that when ∆τA is raised to the maximum value of 0.5T , the flapping velocity
profile will take the form of a sinusoidal function.
Similar to the flapping motion, researchers usually represent the rotating motion
profile with a trapezoidal (Sane and Dickinson, 2001; Sun and Tang, 2002; Lu et al.,
2006; Gopalakrishnan and Tafti, 2009; Jardin et al., 2012; Bos et al., 2013; Zheng et al.,
2013b) or sinusoidal (Wang et al., 2004; Lua et al., 2010; Trizila et al., 2011) function.
Assuming a trapezoidal motion profile, the rotating motion can be fully defined by the
rotation amplitude (ψ0), rotation duration (∆τR) and rotation timing (τR). An example
of the trapezoidal rotating motion profile is shown in Fig. 2.3(b). During each flapping
stroke, the wing undergoes a pitching-down phase, followed by the constant ψ phase.
Near the end of the stroke, stroke reversal occurs and the wing pitches up. Similar to the
flapping motion profile, increasing ∆τR to the maximum value of 0.5T yields a sinusoidal
rotating motion profile. Additionally, negative τR causes advanced rotation while positive
τR causes delayed rotation.
The elevating motion is typically expressed as a sinusoidal function, defined by the
elevation amplitude, frequency and phase offset (Sane and Dickinson, 2001; Bos et al.,
2013). Manipulation of the elevating motion frequency and phase offset yields different
elevating motion profiles such as the figure-of-eight, arc and oval motions. Numerous
studies in literature have investigated the effects of the above kinematic parameters on
aerodynamic performance, which are discussed in the following sub-sections.
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Figure 2.3: (a) Trapezoidal representation of flapping velocity. ∆τA is measured from the
start to the end of the sinusoidal section that represents the deceleration and acceleration
phase. (b) Trapezoidal representation of rotating motion. ∆τR is measured from the start
to the end of the sinusoidal section that represents the pitching motion during stroke
reversal. τR is the offset between the centre of the constant ψ section and the mid-stroke
(t∗=0.25 and 0.75).
2.5.2 Effect of Flapping Parameters
Results from Sane and Dickinson (2001), Wu and Sun (2004), Khan and Agrawal (2011)
and Jones and Yamaleev (2015) indicate that an increase in flapping amplitude (ϕ0)
is associated with an increase in CL and CL/CD. This is because stroke distance in-
creases with ϕ0, which allows the wing to utilise the attached LEV for a longer duration
(Sane and Dickinson, 2001). This effect saturates when ϕ0 > 45
◦ (Wu and Sun, 2004).
Additionally, Nagai and Isogai (2011) reported that an increase in the flapping accelera-
tion/deceleration duration (∆τA) increases CL but decreases hovering efficiency (defined
by the researchers as CL/CP , where CP is the aerodynamic power coefficient). Hence,
this parameter represents a trade-off between CL and hovering efficiency.
2.5.3 Effect of Elevating Motion
Most studies report that elevation does not benefit aerodynamic performance. In particu-
lar, Sane and Dickinson (2001) noted that elevation decreases both CL and CD. Likewise,
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Bos et al. (2013) reported that elevation decreases CL with no benefit to CL/CD. How-
ever, Phillips and Knowles (2011) found that CL is slightly increased by the figure-of-eight
elevating motion, reaching a maximum value when elevation amplitude is 8.6◦. Beyond
this amplitude, elevation is detrimental to CL.
2.5.4 Effect of Rotating Parameters
Rotation amplitude (ψ0) determines α and has a significant effect on the aerodynamic
performance. Sane and Dickinson (2001) reported that CL increases as ψ0 increases until
ψ0 ≈ 45◦, where the maximum CL is achieved. Thereafter, CL decreases as ψ0 increases.
Conversely, CD decreases as ψ0 increases. Accordingly, a maximum CL/CD occurs when
ψ0 ≈ 60◦. More recent computations by Wu and Sun (2004) and Bos et al. (2013) show
similar results with regards to the trends of CL and CD against ψ0.
In terms of rotation duration (∆τR), a decrease in ∆τR causes an increase in CL and a
decrease in CD, resulting in an increase in CL/CD (Sane and Dickinson, 2001; Nagai and
Isogai, 2011; Bos et al., 2013). In terms of rotation timing (τR), it is well-established that
advanced rotation increases CL while delayed rotation decreases CL. Generally, previous
studies agree that CL is maximised with an advanced rotation of τR ≈ −0.05T (Sane
and Dickinson, 2001; Ansari et al., 2008; Khan and Agrawal, 2011; Phillips and Knowles,
2011). However, some studies have shown that advanced rotation may increase CD (Sane
and Dickinson, 2001; Ansari et al., 2008). Hence, the rotation timing that yields best
efficiency (defined by the researchers as CL/CD) is τR ≈ −0.025T (Ansari et al., 2008).
2.6 Key Parameters
A schematic drawing of a generic flapping wing is depicting in Fig. 2.4, which shows the
wing span (b), chord (c), root offset (∆R) and tip radius (R). Mean chord is given by:
c¯ = S/b, where S is the planform area of the wing. Overall, the wing geometry and fluid
properties give rise to the following key parameters:
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2. Reference velocity, Uref = fl, where f is the flapping frequency and l is the distance
travelled by a point at the R2 position in one flapping cycle.
3. Reynolds number, Re =
c¯Uref
ν
, where ν is the kinematic viscosity.
4. Rossby number, Ro = R2/c¯.





Both experimental measurements and numerical simulations have been conducted. The
experiments consist of force and moment measurements using a 3D mechanical flapper,
while the numerical simulations are conducted using the commercial software ANSYS R©
FLUENT.
3.1 Experimental Apparatus
Scaled experiments are conducted with a mechanical flapper, which imposes insect-like
flapping motions on a pair of rigid, large-scale insect wing models that are immersed in a
working solution. Re is controlled by adjusting the viscosity of the working solution and
the flapping frequency of the wing. Figure 3.1 shows the schematic drawing depicting
the overall layout of the experimental apparatus. The apparatus consists of three main
components, namely, the flapping mechanism, the force measurement system and the
experimental domain. Details of each component are presented in the following sub-
sections.
3.1.1 Flapping Mechanism
In the experiments, the motion of each wing is controlled by three stepper motors via a
gearbox equipped with interval bevel gears. The gearbox allows elevating and rotating
motions to be imposed. Additionally, the entire gearbox is able to rotate in the horizontal
plane to implement the flapping motion. A CAD drawing of the gearbox is shown in Fig.
3.2. Each gearbox is controlled by three coaxial shafts, which are connected to the
19
CHAPTER 3. METHODOLOGY
Figure 3.1: Schematic drawing showing the overall layout of the experimental apparatus.
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Figure 3.2: CAD drawing of the flapping mechanism.
three stepper motors (MDrive 34 Plus, Schneider Electric) via timing belts. The stepper
motors are controlled by a custom LabVIEW software from a computer via a National
Instrument input/output card (NI PCI-DIO-32HS). The motor step size is set to 0.036◦
to ensure smooth and accurate motion. The mechanism is regularly maintained to ensure
that gear backlash is within ±0.5◦ and that no excessive vibrations are generated.
The insect wing models used in this study are cut from 1.5 mm thick aluminium
sheets and spray-painted to prevent corrosion. Throughout this study, four different
wing planforms have been used, namely, the semi-elliptic, hawkmoth, honeybee and fruit
fly planforms (see Fig. 3.3). The semi-elliptic wing has a semi-major axis of 250 mm
and semi-minor axis of 49 mm, while the hawkmoth, honeybee and fruit fly planforms
are taken from Liu et al. (1998), Liu and Aono (2009) and Dickinson et al. (1999),
respectively. All of the wings are 250 mm in length.
From Fig. 3.3, it is apparent that the hawkmoth, honeybee and fruit fly wing plan-
forms are more complex compared to the generic semi-elliptic wing. For the hawkmoth
wing, the trailing-edge is characterised by a kink near the mid-span where the wing chord
reduces significantly. Conversely, the trailing-edge geometry of the honeybee wing causes
its chord length to increase from the wing root until about two-thirds of the wing span,
beyond which the chord length decreases. Additionally, all insect wings are asymmetrical
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Figure 3.3: Planforms of the wing models used in the experiments. Black broken lines
indicate the position of the rotational axis.
about the rotational axis. It will become apparent in the subsequent chapters that some
of these geometric characteristics will affect the aerodynamic performance of the wings.
3.1.2 Force Measurement
Force measurement is conducted using a custom-built force sensor. The key component
of the sensor is a central aluminium beam to which metal foil strain gauges (TML FLA-
1-350-23-5L) are attached (see Fig. 3.4). The central aluminium beam is connected to
two brass caps — the first brass cap is connected to the gearbox while the second is
connected to the wing. A small gap between the brass cap ensures that all forces and
moments are transmitted via the central aluminium bar. Due to this construction, the
sensor is sensitive to all components of force and moment acting on the wing except for
the force component acting in the axial direction along the beam. Rubber-based coating
material is applied for waterproofing.
The strain gauges on the force sensor are connected to Wheatstone bridges in half-
bridge configurations. The Wheatstone bridges carry out the necessary addition or sub-
traction operations to yield five individual signal channels, each corresponding to one
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Figure 3.4: Key components of the force sensor.
force or moment component. A total of ten strain gauges are used to measure five
force/moment components — this redundancy reduces the sensor’s sensitivity to tem-
perature changes and electrical disturbances. The force sensor is calibrated and vali-
dated using known weights. Throughout the range of forces and moments that the wing
is expected to encounter, the errors in force and moment measurements are below 3%.
Correspondingly, the experimental results presented in the subsequent chapters of this
study are accompanied by 3% error bars.
During the experiments, signals from the Wheatstone bridge are sampled using a
National Instrument data acquisition system (NI 9237) at 100 Hz. To reduce the back-
ground noise, the signals are passed through a digital low-pass Butterworth filter. The
cutoff frequency is 10 Hz, which is more than 50 times the flapping frequency used
throughout the study. Note that in all of the experiments, the left and right wings un-
dergo identical motions at all times, resulting in a symmetrical flow field. Hence, force
measurements are only conducted on the right wing and the left wing is mounted to the




Experiments are conducted in a rectangular tank that creates a 1.5 m × 1.5 m × 1.5 m
experimental domain when it is filled with a working solution. For experiments at rela-
tively high Re (Re ≈ 8, 000 and above), the woking solution is water. For lower Re, a
water-glycerine mixture is used as the working solution. The composition of the working
solution required to yield the target kinematic viscosity (ν) is estimated using the empir-
ical model by Cheng (2008). After thorough mixing, the exact ν of the working solution
is measured using Cannon-Fenske Routine Glass Viscometers. Based on the measured ν,
the flapping frequency corresponding to the appropriate Re is calculated.
An important issue to be addressed is whether the experimental domain is sufficiently
large. Several tests have been conducted to identify whether the experimental results are
affected by wall proximity, ground proximity or free surface effects. In the first test, the
clearance between the wing tip to the side wall is reduced by 200mm by using a false wall.
The force coefficients measured under this scenario does not differ significantly from the
original case, indicating that the domain is free from wall-proximity effects. Additionally,
a series of experiments have been conducted at different submergence depths and ground
clearances. These tests indicate that, by placing the wing more than 3c¯ away from the
free surface and more than 5c¯ away from the ground, both free surface and ground effects
are insignificant. All subsequent experiments have been conducted within the acceptable
range of submergence depth and ground clearance.
3.1.4 Experimental Procedures
The forces and moments measured by the sensor consist of four components, namely,
the gravitational, buoyancy, wing inertia and aerodynamic components. However, in
this scaled aerodynamic experiment, only the aerodynamic component of the force and
moment coefficients are meaningful quantities. Hence, they are isolated by conducting
experiments under two different environments (air and working solution) at two different
flapping frequencies (normal motion at 100% of the imposed frequency and slow motion
at 5% of the imposed frequency). The gravitational component is present under all ex-
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perimental conditions (i.e. in working fluid and in air during normal and slow motions)
while the buoyancy component is negligible for experiments conducted in air. The wing
inertia component is a function of acceleration and scales with the square of flapping
frequency. Hence, wing inertia component is negligible during the slow motion. Con-
versely, the aerodynamic component is dependent on both the fluid density and flapping
frequency, and it is only significant for the wing undergoing normal motion in the work-
ing solution. The combination of force and moment components generated by the wing
under different experimental conditions are summarised below. By proper subtraction,
pure aerodynamic forces and moments can be obtained.
1. Wing undergoing slow motion (5% of the imposed frequency) in air encounters
forces and moments due to gravity.
2. Wing undergoing normal motion (100% of the imposed frequency) in air encounters
forces and moments due to gravity and inertia
3. Wing undergoing slow motion (5% of the imposed frequency) in working solution
encounters forces and moments due to gravity and buoyancy
4. Wing undergoing normal motion (100% of the imposed frequency) in working so-
lution encounters forces and moments due to gravity, buoyancy, inertia and aero-
dynamics.
During experiments, each measurement is repeated three times and the ensemble av-
erage is taken. The normal motion (100% flapping frequency) conducted in the working
solution is the most important measurement as it contains the aerodynamic component
of forces and moments. This measurement also contains the highest amount of transient
fluctuations. Hence, for the normal motion conducted in the working solution, the mea-
surement is repeated ten times and the ensemble average is taken. A waiting time of
three minutes is imposed between successive runs to ensure that all of the residual vor-
tices generated by the previous flapping strokes have dissipated before the start of a new
measurement. After ensemble averaging, the signals are further smoothed by a moving-
average algorithm. The averaging window consists of less than 3% of the duration of the
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flapping cycle. Hence, the smoothing procedure improves the clarity of the experimental
measurements without significantly altering the transient trends. Due to wake effects,
the forces and moments generated by flapping wings vary significantly from one flapping
cycle to the next until the periodic state is established. Preliminary experiments have
shown that the periodic state is achieved by the fourth flapping cycle. Hence, unless
otherwise noted, the experimental data presented in this study is obtained from the fifth
flapping cycle.
From the scaled experiments, lift coefficient (CL), drag coefficient (CD) and power
coefficient (CP ) are computed from equations (3.1) to (3.3), where FL, FD, P and S
refer to the lift force, drag force, power and planform area, respectively. P is the aerody-
namic power computed from equation (3.4), whereMϕ, Mθ and Mψ are the aerodynamic
moments about the flapping, elevating and rotating axes, respectively, and ϕ˙, θ˙ and ψ˙
are the respective angular velocities. The negative sign in equation (3.4) indicates that
P is the power incurred rather than the power generated. Mean lift coefficient (CL),
mean drag coefficient (CD) and mean power coefficient (CP ) are computed by taking the








P = −(Mϕϕ˙+Mθθ˙ +Mψψ˙) (3.4)
3.1.5 Uncertainty Analysis
Two main sources of experimental errors have been identified, namely, (1) deviation of
actual force vector from assumed force vector direction and (2) sensor uncertainty. On
the error due to deviation of force vector, it is observed that a deviation of up to 0.5◦
may be present between the wing and the sensor axis during the assembly of the wing to
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the sensor. Also, due to gear backlash of 0.5◦, there is a deviation between the assumed
position and actual position of the wing. Hence, a deviation of up to 1.0◦ may be present
between the assumed force vector angle and the actual force vector angle. Conversely, on
the error due to sensor uncertainty, the sensor calibration and validation process indicate
that an error of no more than 3% is expected. Because of the error due to deviation of
force vector, part of the lift signal can be interpreted as the drag signal and vice versa.
Using FL and FD to denote the actual lift and drag forces, respectively, and FL,R and
FD,R to denote the measured lift and drag forces, respectively, error estimates can be





Also, since the wing weight is subtracted from the force data, uncertainty of the wing
weight measurement will be introduced to the final force readings. Here, FW and FW,R
are used to denote the actual wing weight and measured wing weight, respectively. Due
to deviation of force vector, an under-estimation of wing weight may occur as shown in
equation (3.7). Conversely, the force component that is orthogonal to the wing weight
vector may be contaminated by additional force signal from the wing weight due to
deviation of force vector as indicated by equation (3.8).
FW,R = FW cos(1
◦) (3.7)
FW,R = FW sin(1
◦) (3.8)
An error analysis has been conducted based on the reference case of a semi-elliptic
wing undergoing simple harmonic motion at Re=4,000. For this case, the average lift
force is 0.783N while the average drag force is 1.042N . The weight of the wing is
estimated to be 0.767N based on the wing volume. Inserting the values into equation
(3.5) show that the lift force has a higher error; specifically, FL,R deviates from FL by
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0.0183N . Between equations (3.7) and (3.8), the error due to equation (3.8) is more
significant, taking on a value of FW,R = 0.0134N . Assuming the worst case scenario of
both errors compounding onto FL,R, a deviation of 0.0317N is expected, which represents
a 4% error in lift measurement due to deviation in force vector.
To calculate the total experimental error, equation (3.9) is adopted, where ǫT , ǫV
and ǫS denote the total error, error due to force vector deviation, and error due to sensor








A repeatability test has been conducted by subjecting the semi-elliptic wing (see Fig.
3.3) to simple harmonic motions (see equations (3.10) and (3.11)) at Re=4,000. Mea-
surements are taken based on the procedures outlined in section 3.1.4, and the entire set
of experiment is conducted three times to test its repeatability. The stepper motors are
powered down between experiments and the wing-sensor-gearbox assembly is disassem-
bled and reassembled between experiments. The results show that the standard deviation
of CL, CD and CP are less than 1% of the respective mean values, indicating that the
experimental measurements are highly repeatable.
ϕ = 60◦ cos(2πt∗) (3.10)
ψ = 90◦ − 45◦ sin(2πt∗) (3.11)
The symmetry of the flow field during experiments has been investigated by comparing
the CL, CD and CP obtained while the force sensor is attached to the right wing against
results obtained with the force sensor attached to the left wing. CL, CD and CP acting
on the left wing differ from those on the right wing by no more than 2%, which shows
that the flow field is highly symmetrical.
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Additionally, the experiment above has been repeated using a single wing instead of
a pair of identical wings. The CL, CD and CP of the single wing measurements differ by
less than 1% compared to the values obtained from the wing pair, thus indicating that
wing-wing interaction is insignificant under the present experimental conditions.
3.2 Computational Fluid Dynamics
Due to the highly unsteady 3D flow field and the physical constraint of the present
experimental apparatus, quantitative flow measurement using particle image velocimetry
cannot be performed accurately. Hence, details of the flow field are obtained from CFD
simulations.
3.2.1 Computational Approach
CFD simulations are conducted using the commercial CFD solver ANSYS R© FLUENT,
and utilising the National University of Singapore High Performance Computing cluster.
The transient, 3D solver is selected and the flow is assumed to be laminar. The laminar
flow assumption is based on earlier examples set by Luo and Sun (2005), Liu and Aono
(2009) and Vandenheede et al. (2014), where simulations are conducted at Re=4,000,
3,500 and 4,800, respectively, without turbulence modelling. Spatial and temporal dis-
cretisation schemes are second order accurate.
While establishing the simulation approach to be used for this study, the relative
merits of simulating a single wing, as opposed to simulating a pair of identical wings,
are considered. Preliminary measurements (section 3.1.6) have shown that wing-wing
interaction is not significant under the present experimental conditions. In terms of
computational resources, single wing simulations can be conducted by using the efficient
sliding mesh method, where the entire computational domain follows the motion of the
wing rigidly with no mesh deformation. Conversely, the two-wings simulation requires
the use of dynamic mesh with mesh deformation and remeshing, which is computation-
ally intensive. In light of these factors, single wing simulations are selected and used
throughout this study. Accordingly, the governing equations for the numerical simula-
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tions are the mass and momentum conservation equations for incompressible fluid in a
moving reference frame as shown in equation (3.12) (ANSYS R©, 2013).
~vr = ~v − ~ur







∇ · ~vr = 0
∂ ~vr
∂t
+∇ · (~vr ~vr) + (2~ω × ~vr + ~ω × ~ω × ~r + ~α× ~r + ~a) = 1
ρ
(
−∇p+∇ · τ¯r + ~F
)
(3.12)
In which ~v, ~ur and ~vr are the velocity vector, grid point velocity and relative velocity,
respectively. ~vt and ~ω are the translational and rotational velocity vectors, respectively,
of the moving reference frame. ~r is the position vector of the grid point. ~a and ~α are the
translational and rotational accelerations, respectively, of the grid point. τ¯r and ~F refer
to the viscous stress tensor and external force vector, respectively.
The spherical outer boundary of the computational domain is defined as a constant
pressure outlet with zero gauge pressure, giving an approximation of an infinite volume.
The wing is placed in the middle of the spherical domain and is modelled as a non-slip
wall.
From the CFD simulations, the vortex structures are visualised using iso-surfaces of
the Q-criterion (Hunt et al., 1988). This method of vortex identification is common
among recent studies of flapping wing aerodynamics (see Lu and Shen, 2008; Bos et al.,













Where Q values below a certain negative threshold are indicative of vortices. The nor-
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In addition, pressure distribution over the wing is studied by plotting the contours of






Where p is gauge pressure. Some vortices are better visualised by plotting the spanwise
component of vorticity on a 2D plane taken at certain spanwise positions of the wing.





3.2.2 Grid Convergence and Validation
A grid convergence study is conducted to identify the appropriate mesh density for the
simulations. Here, a semi-elliptic wing (see Fig. 3.3) undergoing simple harmonic motion
(see equations (3.10) and (3.11)) has been simulated at Re=11,600. The diameter of the
spherical computational domain is set to 20c¯ and each flapping cycle consists of 1,000
simulation time steps. The number of mesh elements is varied from 0.3 million to 2.0
million. CL and CP from the fifth flapping cycle are compared in Fig. 3.5(a) and (b),
which show that the general trends are in good agreement across the mesh densities
considered. Fig. 3.5(c) shows the trends of CL and CP against the number of mesh
elements. Generally, the variation in CL and CP due to mesh refinement is minimal
beyond 1.0 million elements. Further calculations show that CL and CP vary by 1.2%
and 0.7% respectively, when the number of mesh elements is increased from 1.0 million to
2.0 million. These variations are quite insignificant and far below the uncertainty of the
force sensor (see section 3.1.2). Hence, the mesh density that yields 1.0 million tetrahedral
elements has been adopted throughout this study. Correspondingly, the computational
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mesh used in this study consists of 0.03c¯ triangular elements on the surface of the wing,
which increases in size at a growth factor of 1.10 for each successive layer of mesh elements
away from the wing (see Fig. 3.7). The grid convergence test has also been repeated for
the case of a hawkmoth wing (see Fig. 3.3) undergoing hawkmoth kinematics (see Fig.
3.10(a)). The grid convergence results, shown in Fig. 3.6, likewise indicate that the
computational grid with nearly 1 million elements is sufficiently dense.
To ensure that the computational domain is sufficiently large, the simulation is re-
peated with the diameter of the spherical domain set to 40c¯, which is twice the size of the
domain used for the grid convergence study. Additionally, to ensure that the temporal
resolution is sufficient, the simulation is repeated at 2,000 time steps per flapping cycle,
which is twice the number of time steps used for the grid convergence study. For both
domain size and temporal resolution tests, CL and CP vary by less than 0.5% compared
to the original case, indicating that the computational domain size and the temporal
resolution are sufficient.
After achieving grid, domain size and time step convergence, three additional val-
idation cases are conducted. The first case consists of a fruit fly wing (Dickinson et
al., 1999) undergoing the fruit fly kinematics (Liu and Aono, 2009) at Re=100. The
second case consists of a honeybee wing (Liu and Aono, 2009) undergoing honey bee
kinematics (Liu and Aono, 2009) at Re=1,000. The third case consists of a hawkmoth
wing (Liu et al., 1998) undergoing the hawkmoth kinematics (Willmott and Ellington,
1997) at Re=4,000. Details of the validation cases are depicted in Figs. 3.8 to 3.10. The
results indicate good agreement between the transient trends obtained from CFD and
experiments. Additionally, CFD predictions of CL and CP are well within 10% of the
experimental values, which reinforces our confidence in the numerical simulations.
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Figure 3.5: (a) CL and (b) CP obtained from simulations with different number of mesh
elements. For comparison, the experimental results are also shown. (c) shows the conver-
gence of CL and CP . Shown here are results of the semi-elliptic wing undergoing simple
harmonic motion at Re=11,600.
Figure 3.6: (a) CL and (b) CP obtained from simulations with different number of mesh
elements. For comparison, the experimental results are also shown. (c) shows the conver-




Figure 3.7: Sectional view of the tetrahe-
dral mesh used in CFD. The semi-elliptic
wing is highlighted in blue.
Figure 3.8: (a) Wing kinematics, (b) CL and (c) CP of the fruit fly validation case.
Numbers in brackets are the deviation of mean CFD results from experiments.
Figure 3.9: (a) Wing kinematics, (b) CL and (c) CP of the honey bee validation case.
Numbers in brackets are the deviation of mean CFD results from experiments.
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Figure 3.10: (a) Wing kinematics, (b) CL and (c) CP of the hawkmoth validation case.
Numbers in brackets are the deviation of mean CFD results from experiments.
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In the preliminary design of a flapping wing micro air vehicle (FWMAV), multiple de-
sign iterations are required. Hence, the use of experimental or CFD methods during
preliminary design is not feasible as it is costly and time-consuming. During prelimi-
nary design, it is more practical to use a simplified aerodynamic model that can provide
rapid performance predictions. Ansari et al. (2006) reviewed numerous aerodynamic
models that are suitable for FWMAV applications and they can be broadly classified
into three main categories, namely, actuator disk models, quasi-steady models and un-
steady models. Among the different categories of models, quasi-steady models appear to
offer the best compromise between simplicity and accuracy. Hence, quasi-steady models
have been frequently used to study the control, stability and performance optimisation
of FWMAVs. For example, Sane and Dickinson’s (2002) model has been used by Hedrick
and Daniel (2006) and Dickson et al. (2008) for control and stability analysis, and by
Zheng et al. (2013b) for performance optimisation. Berman and Wang (2007) used the
model by Andersen et al. (2005) for kinematics optimisation. Khan and Agrawal (2011)
∗Parts of this chapter have been published in Bioinsp. Biomim. 11:036005, 2016 and Bioinsp. Biomim.
11:056013, 2016
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developed a quasi-steady model for FWMAV design optimisation. More recently, Kim et
al. (2015) used the model by Han et al. (2015b) for stability analysis. These applications
have demonstrated the feasibility of the quasi-steady model as a practical design tool.
In most quasi-steady models, the forces acting on the flapping wing are assumed to
comprise of three components, namely, translational, rotational and added mass forces.
Typically, translational and rotational forces contain empirical coefficients that are deter-
mined from experimental results (Sane and Dickinson, 2002; Hedrick and Daniel, 2006;
Khan and Agrawal, 2011; Han et al., 2015b). Conversely, added mass forces are mod-
elled from inviscid theory (Sane and Dickinson, 2002; Andersen et al., 2005) or sometimes
neglected altogether (Khan and Agrawal, 2011; Han et al., 2015b).
Most of the existing quasi-steady models rely on empirical data obtained for one
specific wing geometry under one specific flow condition. The effects of varying flow
conditions and wing geometry were not taken into consideration. Hence, these models
are likely to have reduced accuracy when applied to cases with flow conditions or wing
geometry that differ from their original test cases. In fact, Zheng et al. (2013b) had to
‘tune’ or calibrate the coefficients of Sane and Dickinson’s (2002) model before it could be
applied for their optimisation study. Likewise, the quasi-steady model used in Gomez et
al. (2014) contains coefficients that requires ad-hoc tuning. Similarly, Nakata et al. (2015)
curve-fitted their quasi-steady model coefficients to a large database of CFD results and
noted that the model will be less accurate if wing shape, Re, kinematics and flight mode
deviate from the reference case. This drawback needs to be overcome to allow future
FWMAV designers to make use of quasi-steady models as a reliable design tool.
4.1.2 Objective and Approach
The objective of this study is to develop a semi-empirical quasi-steady aerodynamic model
that yields reasonable force and power predictions across a wide range of flow conditions,
wing geometry and kinematics. The parameters that are considered include Reynolds
number (Re), Rossby number (Ro), wing aspect ratio (AR) and wing taper ratio (λ).
The present model development uses Sane and Dickinson’s (2002) model as primary
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reference. In Sane and Dickinson (2002), the blade element theory was applied to derive
the basic forms of the translational, rotational and added mass force equations. Subse-
quently, experimental force measurements were conducted to obtain the semi-empirical
model coefficients. However, the present study uses CFD simulations instead to obtain
the model coefficients due to two relative merits of CFD. Firstly, the parameters can be
easily varied in CFD. Secondly, force measurements are typically affected by some latency
in their reaction to sudden changes in loading conditions, especially when low pass fiters
are used, making it difficult to measure the rapid changes in aerodynamic forces arising
from added mass during wing acceleration. CFD has no such latency problems.
The CFD simulations are conducted based on the wing model shown in Fig. 4.1. The
coordinate axes are the spanwise (r) and chordwise (x) axes as shown. The wing takes on
a trapezoidal planform, defined by the wing span (b), root chord (cr), tip chord (ct) and
root offset (∆R). Wing tip radius is given by R = (∆R+ b) and the mean chord is given
by c¯ = (cr+ct)/2. The geometric parameters that will be considered in the model are the
aspect ratio, AR = b/c¯ and the taper ratio, λ = ct/cr. The local distance between the
leading-edge and the rotational axis is referred to as xrot(r). In the quasi-steady model,







The definitions for R2, Re and Ro have been given in section 2.6, and they are












Ro = R2/c¯ (4.4)
In the present simulations, a flat rectangular wing with AR=3, λ=1, ∆R=0 and
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Figure 4.1: Schematic drawing (plan view) of the wing model used in the present quasi-
steady model development. The star indicates the centre of force.
xrot/c¯=0.50 is used as a generic reference wing. The choice of AR is based on Ellington
(1984b) who reported that the AR of insect wings typically fall within the range of
2.8 < AR < 3.6. According to equations (4.2) and (4.4), the reference wing has Ro=1.73.
The blade-element theory is applied to obtain the mathematical expressions for trans-
lational, rotational and added mass forces, which contain semi-empirical coefficients.
These coefficients are computed by subjecting the wing to certain specialised motions.
In this study, two motion profiles are designed, and they are known as the ‘fixed transla-
tional motion’ and the ‘arrested/continuous rotational motions’. Details of these profiles
will be discussed in sections 4.2 and 4.3.
CFD simulations of these motion profiles are conducted at Re=100, 250, 500, 1,000,
4,000 and ∞ (inviscid). The aerodynamic coefficients are obtained from the simulations
and curve fitted as semi-empirical functions of Re. Subsequently, the effects of Ro are
identified by conducting simulations at Ro=1.73, 2.00, 3.00, 4.00, 5.00 and 7.00, where
Ro is varied by manipulating ∆R (see Fig. 4.1). The effects of AR are tested by varying
AR=1, 2, 3, 4, 5 and 7 while maintaining λ=1 and ∆R=0. The effects of λ are investi-
gated by setting λ to 0.25, 0.50, 1.00, 2.00 and 4.00 while maintaining AR=3 and ∆R=0.
From these results, correction factors are derived and applied to the translational, ro-
tational and added force model equations. In the study of Ro, AR and λ, simulations
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are conducted at the intermediate value of Re=500 only as sweeping through the entire
range of Re will entail excessive simulation time. Subsequently, the method of computing
aerodynamic power is derived and model validation is conducted. The following sections
describe how the results of the above simulations are analysed to yield the semi-empirical
quasi-steady equations.
4.2 Translational Force Coefficients
Translational force refers to the force arising from the flapping velocity of the wing, which
is obtained by simulating a wing undergoing the ‘fixed translational motion’ at constant
α. The ‘fixed translational motion’ is shown in equation (4.5) and it is very similar to




40π(t∗), t∗ < 0.05
2π, 0.05 ≤ t∗ ≤ 1.00
(4.5)
The ‘fixed translational motion’ simulations are conducted from α=0◦ to 90◦ at in-
tervals of 15◦ and repeated at different Re. Transient CL and CD, shown in Fig. 4.2,
indicate that CL and CD encounter a sudden increase at the start of the stroke due to
the initial acceleration (see equation (4.5)). Subsequently, the coefficients achieve steady
or periodic state by t∗=0.50. Accordingly, they are averaged from t∗=0.50 to 0.75 to
yield the translational lift (FL,tr) and drag (FD,tr) forces. Blade element theory yields
equations (4.6) and (4.7), which are used to compute the translational lift (CL,tr) and
drag (CD,tr) coefficients. Based on the earlier study by Sane and Dickinson (2002), both
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Figure 4.2: Transient (a) CL and (b) CD obtained from CFD simulations of the reference
wing undergoing ‘fixed translational motion’. Only α=15◦ and 45◦ cases at Re=100 and
1,000 are shown to avoid repetition.
CL,tr = AL sin(2α) (4.8)
CD,tr = CD,0 +AD[1− cos(2α)] (4.9)
Curve fit of the CFD data into equations (4.8) and (4.9), shown in Fig. 4.3, indicate
that the model coefficients AL, AD and CD,0 are Re-dependent. These coefficients are
curve fitted as power functions of Re (Fig. 4.4), yielding the model equations (4.10) to
(4.12). Note that equations (4.10) to (4.12) are formulated to converge asymptotically
to the results of the inviscid simulation as Re increases.
AL = 1.966− 3.94Re−0.429 (4.10)
AD = 1.873− 3.14Re−0.369 (4.11)
CD,0 = 0.031 + 10.48Re
−0.764 (4.12)
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Figure 4.3: Curve fit of (a) CL,tr and (b) CD,tr as functions of α at varying Re.
Figure 4.4: Curve fit of translational force model coefficients as functions of Re.
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4.3 Rotational Force Coefficients
Rotational force originates from the circulation generated by the wing during the re-
establishment of the Kutta condition when a rotational motion is imposed on a flapping
wing (Dickinson et al., 1999). According to Sane and Dickinson (2002), Andersen et al.
(2005) and Han et al. (2015b), rotational force scales linearly with translational velocity
and rotational velocity. Hence, the experiments and simulations used to quantify rota-
tional force must consist of simultaneous translational and rotational motion. A means
of isolating the rotational force from the translational force is thus necessary.
In this study, rotational force is obtained by imposing the ‘arrested’ and ‘continuous’
rotation motions on the reference wing. These motion profiles are given by equations
(4.13) and (4.14), respectively, where α˙ is the instantaneous rotational velocity and Ω is
the target rotating speed. Concurrently, the wing is also undergoing the ‘fixed transla-
tional motion’ to ensure non-zero translational velocity (see equation (4.5)). The initial α
of both ‘arrested’ and ‘continuous’ rotation motions are set so that both motions achieve
α = 0◦ at t∗ = 0.51. As a result, the translational force is nearly identical for both
motions at t∗=0.51. Additionally, since the two motion profiles are very similar from
t∗=0.00 to 0.45, the historical development of the vortices in both cases are assumed to
be identical. Hence, ‘arrested’ and ‘continuous’ rotation motions are identical at t∗ = 0.51
except for the instantaneous rotational velocity. Rotational force is computed by sub-
tracting the force generated by the ‘arrested’ rotation motion from the force generated




−20Ω(t∗), t∗ < 0.05
−Ω, 0.05 ≤ t∗ < 0.45
−Ω+ 20Ω(t∗ − 0.45), 0.45 ≤ t∗ < 0.50
0, 0.50 ≤ t∗ ≤ 1.00
(4.13)
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−20Ω(t∗), t∗ < 0.05
−Ω, 0.05 ≤ t∗ ≤ 1.00
(4.14)
Preliminary tests have been conducted to confirm the scaling characteristics of rota-
tional force. Two cases are considered, namely, the first case where the rotating axis is
at the mid-chord, and the second case where the rotating axis is at the leading-edge. CL
contributed by the rotational motion at t∗=0.51 is computed and Ω is increased until
CL ≈ 2 is achieved. The results, shown in Fig. 4.5, are curve fitted to linear and quadratic
functions. In Fig. 4.5 (a), the variation of CL against Ω is represented well by the linear
function, which agrees with the Kutta-Joukowski theory. However, the results in Fig.
4.5(b) can only be described accurately by the quadratic function, which indicates the
existence of two rotational force components with different scaling properties. The first
component scales linearly with translational velocity and rotational velocity while the
second component scales with the square of rotational velocity. They are referred to as
the first degree rotational force (Frot,1) and the second degree rotational force (Frot,2),
respectively.
Frot,1 arises from conventional Kutta-Joukowski theory as discussed in Sane and Dick-
inson (2002). The blade-element expression for Frot,1 is given in equation (4.15), where
Crot,1 refers to the first degree rotational force coefficient. fr and fα are additional




c2rdr · (fr · fα) (4.15)
Frot,2 arises from the drag force generated when the wing undergoes translational
motion relative to the rotational axis due to rotational motion. Deriving Frot,2 from
blade-element theory yields equation (4.16), where Crot,2 is the second degree rotational
force coefficient. The limits of integral LE and TE refer to the leading- and trailing-edge,
respectively, relative to the rotational axis. The absolute terms impose the correct force
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Figure 4.5: Linear and quadratic fit of rotational CL obtained from the reference wing
undergoing ‘arrested’ and ‘continuous’ rotation motions at Re=500 with the rotating axis
placed at (a) mid-chord (xrot/c¯=0.50) and (b) leading-edge (xrot/c¯=0.00).
direction. Note that as the rotational axis approaches mid-chord, the integral approaches





In light of the existence of two rotational force components, two series of CFD simu-
lations are conducted to compute Crot,1 and Crot,2 separately. To obtain Crot,1, the refer-
ence wing with xrot/c¯ = 0.50 is subjected to ‘arrested/continuous rotation motions’ with
Ω=2.09 rad/T , 4.19 rad/T , 6.28 rad/T and 8.38 rad/T at varying Re. The placement of
rotational axis yields Frot,2=0 (see equation (4.16)), allowing Frot,1 to be extracted from
the simulations. For each Re, linear regression is used to obtain the relationship between
Frot,1 and Ω, which is then inserted into equation (4.15). This yields Crot,1 values for
different Re as shown in Fig. 4.6. Fig. 4.6 also shows the curve fit of Crot,1 as a power
function of Re, which yields equation (4.17).
Crot,1 = 0.927− 0.558Re−0.1577 (4.17)
Next, the calculation of Crot,2 is discussed. To obtain Crot,2, the rotational axis of
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Figure 4.6: Curve fit of Crot,1 as a power
function of Re.
the reference wing is shifted to the leading-edge, yielding xrot/c¯=0.00. The ‘arrested’
and ‘continuous’ rotation motions are conducted with zero flapping velocity, which yields
Frot,1=0 according to equation (4.15). Here, Ω is varied from 2.09 rad/T to 8.38 rad/T
while the flow is assumed to be inviscid since the present Re definition is not applicable
at zero translational velocity. Subtracting the ‘arrested rotation motion’ results from
‘continuous rotation motion’ results yields Frot,2. By conducting linear regression of
Frot,2 against Ω
2 and making use of equation (4.16), Crot,2=2.67 is obtained.
Two additional factors, namely, rotational axis position and instantaneous α, need
to be considered for accurate modelling of rotational forces. On the subject of rota-
tional axis position, Sane and Dickinson (2002) noted that Crot,1 is linearly dependent
on the rotational axis position. To take this into account, the rotational axis correction
factor (fr) is introduced to equation (4.15), where fr is a linear fuction of xrot/c¯. The
semi-empirical expression for fr is obtained by simulating the ‘arrested’ and ‘continuous’
rotation motions at Re=500 with xrot/c¯=0.00, 0.25, 0.50, 0.75 and 1.00. When xrot/c¯
deviates from 0.50, the resultant rotational force will comprise of both Frot,1 and Frot,2.
The contribution of Frot,2 is removed by using equation (4.16). The final results of fr
against xrot/c¯ are shown in Fig. 4.7(a) and have been curve fitted to yield equation (4.18).
fr = 1.570− 1.239 (xrot/c¯) (4.18)
46
CHAPTER 4. QUASI-STEADY MODEL WITH IMPROVED ADAPTABILITY
Figure 4.7: (a) Variation of fr with respect to xrot/c¯ and (b) variation of fα with respect
to αf . Solid lines indicate model curve fits.
Additionally, preliminary simulations have shown that Crot,1 is sensitive to the instan-
taneous α. To quantify this effect, the α correction factor (fα) is introduced to equation
(4.15). fα at different values of α can be obtained by manipulating the initial α for
the ‘arrested/continuous rotation motions’ such that the motions achieve different α at
t∗ = 0.51 (henceforth known as αf ). ‘Arrested/continuous rotation motions’ simulations
are conducted at Re=500 and αf is varied from 0
◦ to 90◦ at intervals of 15◦. Figure 4.7(b)
shows the resultant fα obtained from the simulations, which displays a non-monotonic
relationship with respect to αf . However, it can be said that fα remains close to unity
from αf=0
◦ to 45◦, after which it rapidly decreases, achieving fα ≈ 0 at αf=90◦. Hence,
the conventional calculation which assumes that rotational force is independent of instan-
taneous α is erroneous at high α, which is not unexpected considering that it originated
from Kutta-Joukowski theory with small α assumption. In this model, fα is modelled as




1, −45◦ < α < 45◦
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4.4 Added Mass Force Coefficients
Added mass force is generated when an object accelerates in a body of fluid. Most of the
existing quasi-steady models compute added mass by using 2D potential flow theory (Sane
and Dickinson, 2002; Andersen et al., 2005; Truong et al., 2011). Here, the added mass
force equation presented in Truong et al. (2011) is slightly rearranged and an empirical
correction for added mass (fa) is added, yielding equation (4.20), where Fa refers to the























fa is introduced to take into account the 3D and viscosity effects, and is obtained
by simulating the reference wing undergoing ‘fixed translational motion’ at α=45◦ and
varying Re. During the ‘fixed translational motion’, there is a sudden increase in CL and
CD at the start of the stroke (t
∗ = 0.00) originating from the added mass force generated
by the wing’s acceleration (see Fig. 4.2). Fa is obtained by measuring the magnitude of
the sudden increase in force at t∗ = 0.00. fa is computed via equation (4.20) and curve
fitted as a power function of Re (see Fig. 4.8(a)), yielding equation (4.21).
fa = 0.773 + 1.903Re
−0.687 (4.21)
In addition to added mass force, a wing undergoing rotational acceleration will also
generate an additional torque component known as the added moment of inertia. This
torque component is considered in the quasi-steady model by Andersen et al. (2005), but
is not considered by Sane and Dickinson (2002), Khan and Agrawal (2011), Truong et al.
(2011) and Han et al. (2015b). Here, the 2D potential flow expression of added moment
of inertia used in Andersen et al. (2005) has been extended into its 3D form via blade
element theory, which is shown in equation (4.22). Ta is the added moment of inertia
torque and the correction factor (ft) is included to account for 3D and viscosity effects.
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The simulations of the reference wing undergoing ‘arrested’ rotation motion is used
to obtain ft. For the ‘arrested’ rotation motion, rotational deceleration occurring from
t∗=0.45 to 0.50 (see equation (4.13)) causes the rotational torque to decrease abruptly at
t∗=0.45. This decrease in torque is used to compute ft by making use of equation (4.22).
ft obtained at varying Re is curve fitted as a power function of Re (see Fig. 4.8(b)),
yielding equation (4.23).
ft = 1.056 + 7.49Re
−0.855 (4.23)
Figure 4.8: Curve fit of (a) fa and (b) ft as functions of Re.
From Fig. 4.8, it is apparent that fa and ft deviate noticeably from the theoretical
value of unity. Fig. 4.8(a) shows that fa < 1, indicating that the actual added mass force
is lower than that of 2D potential flow. This may be attributed to viscosity or 3D effects.
However, Fig. 4.8(a) has already shown that added mass force increases when viscosity
increases (i.e. when Re decreases). Hence, the decrease in added mass force compared
to 2D potential flow is likely due to 3D wing tip effects. Conversely, Fig. 4.8(b) shows
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that ft > 1 and ft increases as Re decreases. Hence, the actual added moment of inertia
torque is higher compared to 2D potential flow and this observation can be attributed to
the effect of viscosity.
With the basic expression for translational, rotational and added mass forces estab-
lished as semi-empirical functions of Re, the effects of Ro, AR and λ will be discussed in
the following sections.
4.5 Rossby Number Effect
According to Lentink and Dickinson (2009), Bos et al. (2013) and Wolfinger and Rockwell
(2014), Ro significantly affects the LEV stability and lift generation of a flapping wing.
Here, the effects of Ro are taken into account by using four corrections factors, namely,
translational force correction factor (fRo,tr), rotational force correction factor (fRo,r),
added mass force correction factor (fRo,a) and added moment of inertia correction factor
(fRo,to). The translational force, rotational force, added mass force and added moment of
inertia obtained from the equations described in the previous sections are to be multiplied
by these correction factors to account for Ro effects. These correction factors are obtained
by simulating the reference wing undergoing ‘fixed translational motion’ with α=45◦ and
the ‘arrested/continuous rotation motions’ with Ω=6.28 rad/T at Re=500. Ro is varied
from 1.73 to 7.00 by manipulating the root offset ∆R (see Fig. 4.1).
The results for fRo,tr, fRo,r, fRo,a and fRo,to are shown in Fig. 4.9. fRo,tr is curve
fitted with an arctangent function of Ro, yielding equation (4.24). Note that to improve
the accuracy of the curve fit near the inflection point, additional simulations have been
conducted for Ro=2.30, 2.60 and 3.50.
fRo,tr = −0.205 arctan [0.587(Ro− 3.105)] + 0.870 (4.24)
The remaining correction factors (fRo,r, fRo,a, fRo,to) show smaller but non-monotonic
variations with respect to Ro (Fig. 4.9(b) to (d)). Throughout the range of Ro tested,
fRo,r and fRo,to are within 10% of their respective mean values, while fRo,a is within
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2% of its mean value. Hence, these mean values are adopted, yielding fRo,r = 0.908,
fRo,a = 1.004 and fRo,to = 1.055.
Figure 4.9: Variation of (a) fRo,tr, (b) fRo,r, (c) fRo,a and (d) fRo,to with respect to Ro.
fRo,tr is curve fitted with an arctangent function (solid line). For fRo,r, fRo,a and fRo,to,
the mean values are adopted (solid line).
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4.6 Planform Geometry Effect
The planform of insect-like flapping wings tend to be highly complex (see Ellington,
1984b) and the number of possible planform shapes is essentially limitless. In this study,
only the key parameters aspect ratio (AR) and taper ratio (λ) are considered.
4.6.1 Aspect Ratio Effect on Translational Force
For conventional fixed wings, an increase in AR is associated with a decrease in wing
tip vortex strength, which is beneficial to both CL and CL/CD. However, the effects of
AR on flapping wing aerodynamics remain uncertain due to the difference in the results
reported in literature (see section 2.3). In this study, the reference wing undergoing
‘fixed translational motion’ at α=45◦ and Re=500 is simulated, and the wing span is
manipulated to yield AR=1, 2, 3, 4, 5 and 7.






) is obtained directly from CFD
and shown in Fig. 4.10(a), where it is referred to as the ‘raw’ coefficients. However, it
should be noted that the act of increasing AR by increasing the wing span also results in
an inevitable increase in Ro. Hence, the trend in Fig. 4.10(a) is caused by both AR and
Ro effects. To remove the Ro effects, the ‘raw’ coefficients in Fig. 4.10(a) are divided by
the Ro correction factor (fRo,tr) to yield Ro-corrected CF , which is also shown in Fig.
4.10(a). It is apparent that the CF trend is significantly altered by the Ro-correction.
Specifically, the Ro-corrected CF shows an increasing trend throughout the entire AR
range, which is remarkably similar to the effect of AR on conventional fixed wings where
lift generation increases with respect to AR due to the decreasing prevalence of wing tip
effects. This interaction between AR and Ro will be discussed in greater detail in section
4.10.
Hence, an AR correction factor for translational force (fAR,tr) is introduced. fAR,tr
is to be multiplied with the translational force coefficients (equations (4.6) and (4.7)) to
account for AR effects. fAR,tr is obtained by curve-fitting the Ro-corrected results as a
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power function of AR (see Fig. 4.10(b)), yielding equation (4.25).
fAr,tr = 32.9− 32.0AR−0.00361 (4.25)
Figure 4.10: (a) Comparison between the raw CF and the Ro-corrected CF at varying
AR (b) Curve fit of fAR,tr as a function of AR.
4.6.2 Aspect Ratio Effect on Added Mass
In section 4.4, it is postulated that the added mass force is susceptible to 3D wing
tip effects. If that is the case, then the added mass force should increase when AR
increases due to the decreasing prevalence of wing tip effects. To investigate this, the
‘fixed translational motion’ simulations described in section 4.6.1 are analysed using the
method described in section 4.4 to yield the added mass forces generated at different AR.
The AR correction factor for added mass (fAR,a) is introduced; this correction factor is to
be applied to equation (4.20). Based on the added mass forces obtained at different AR,
fAR,a is computed and curve fitted as a power function of AR (see Fig. 4.11), yielding
equation (4.26).
fAR,a = 1.294− 0.590AR−0.662 (4.26)
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Figure 4.11: Curve fit of fAR,a as a function of AR.
4.6.3 Taper Ratio Effect on Translational Force
λ is known to affect the formation of wing tip vortices and may play a role in determining
the translational force generation. Here, the AR=3 wing undergoing ‘fixed translational
motion’ is simulated at Re=500 and α=45◦. λ is manipulated from 0.25 to 4.00 by
varying the root chord (cr) and tip chord (ct) while maintaining constant mean chord
(c¯) (see Fig. 4.1). Similar to the earlier discussion on AR (see section 4.6.1), varying λ
causes an inevitable change in Ro. Correspondingly, Ro-correction is also carried out for
the trends of CF against λ. The Ro-corrected CF results are shown in Fig. 4.12(a). It is
apparent that λ does not have a very significant effect on CF , and the variation in CF
is less than ±4% from the mean value even for the extreme case of λ=0.25. Hence, the
effect of λ on translational force is not considered in the present quasi-steady model.
4.6.4 Taper Ratio Effect on Added Mass
Results from sections 4.4 and 4.6.2 suggest a correlation between the 3D wing tip effects
and added mass forces. λ is associated with the formation of wing tip vortices and
should likewise have an effect on added mass. The simulations described in section 4.6.3
are analysed using the method described in section 4.4 to compute the added mass forces
generated by wings with varying λ. From the results, the λ correction factor for added
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Figure 4.12: Variation of (a) Ro-corrected CF and (b) fλ,a with respect to λ.
mass (fλ,a) is derived; this correction factor is to be multiplied to added mass equation
(4.20). fλ,a computed from the simulations are curve fitted as a power function of λ (see
4.12(b)), yielding equation (4.27).
fλ,a = 47.7λ
−0.0019 − 46.7 (4.27)
4.7 Aerodynamic Power Estimation
Aerodynamic power incurred by the flapping wing’s motion is computed from equation
(4.28), where P is the aerodynamic power. Mϕ, Mθ and Mα are the aerodynamic mo-







The aerodynamic moments can be computed by multiplying the aerodynamic force
(obtained from equations (4.6) to (4.27)) with the moment arm, which can be deter-
mined if the centre of aerodynamic force position is known. In Fig. 4.1, the centre of
force position is defined by RC and XC , and they can be normalised into RC/R2 and
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XC/c¯. RC/R2 and XC/c¯ for translational, rotational and added mass forces are mod-
elled separately, which is consistent with Han et al. (2015b) who noted that the centres
of different force components do not coincide.
The centre of translational force position ((RC/R2)tr , (XC/c¯)tr) is derived from sim-
ulation results of the reference wing undergoing ‘fixed translational motion’ with varying
α at Re=500 (see section 4.2). (RC/R2)tr and (XC/c¯)tr are found to be α-dependent,
which is consistent with Dickson et al. (2008) and Han et al. (2015b). They are curve
fitted as sinusoidal functions of α (see Fig. 4.13), yielding equations (4.29) and (4.30).
(RC/R2)tr = 0.0784 cos(2α) + 1.088 (4.29)
(XC/c¯)tr = −0.0799 cos(2α) + 0.377 (4.30)
Subsequently, the rotational force generation from the reference wing undergoing
‘arrested/continuous rotation motions’ at Re=500 (see section 4.3) is analysed to obtain
the centre of rotational force position, yielding equations (4.31) and (4.32).
(RC/R2)r = 0.993 (4.31)
(XC/c¯)r = 0.398 (4.32)
Finally, the added mass force from the reference wing undergoing ‘fixed translational
motion’ at Re=500 and α=45◦ (see section 4.4) is analysed to yield the centre of added
mass force position, yielding equations (4.33) and (4.34).
(RC/R2)a = 1.078 (4.33)
(XC/c¯)a = 0.500 (4.34)
56
CHAPTER 4. QUASI-STEADY MODEL WITH IMPROVED ADAPTABILITY
Figure 4.13: Curve fit of (RC/R2)tr and
(XC/c¯)tr as functions of α.
4.8 Model Summary and Validation
4.8.1 Model Summary
The final form of the quasi-steady model is summarised in equations (4.35) and (4.36).
Note that, FL,tr and FD,tr computed from equations (4.6) and (4.7) are aligned along
the instantaeous stroke plane. When the elevating velocity (θ˙) is non-zero, this stroke





. Trigonometry manipulation is necessary to obtain the correct lift and
drag forces as shown in equation (4.35). Additionally, the stroke plane tilting gives rise
to a new effective angle of attack, αe=(α− β).
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FL =
[





D,tr) + (Frot,1 + Frot,2) sinα+ Fa sinα
F ′L,tr = FL,tr cosβ − FD,tr sinβ



















fAR,tr = 32.9− 32.0AR−0.00361
fRo,tr = −0.205 arctan [0.587(Ro− 3.105)] + 0.870
CL,tr = (1.966− 3.94Re−0.429) sin(2αe)
CD,tr = (0.031 + 10.48Re
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−1, 135◦ < αe < 225◦
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2 cos(αe), otherwise




































fAR,a = 1.294− 0.590AR−0.662
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P = −
[
Mϕϕ˙+Mθθ˙ + (Mα + Ta)α˙
]
Mϕ = −[F ′D,tr][(RC/R2)trR2]− [(Frot,1 + Frot,2) sinα][0.993R2]− [Fa sinα][1.078R2]
Mθ = [F
′
L,tr][(RC/R2)trR2] + [(Frot,1 + Frot,2) cosα][0.993R2] + [Fa cosα][1.078R2]
Mα = −[F ′L,tr cosα+ F ′D,tr sinα][(XC/c¯)tr − xrot]c¯− [Frot,1 + Frot,2][0.398− xrot]c¯
− [Fa][0.5− xrot]c¯









(RC/R2)tr = 0.0784 cos(2αe) + 1.088









The present quasi-steady model is validated against CFD and experimental results. Four
validation cases are presented as shown in Table 4.1. Details of the wing geometry
are available in Fig. 3.3 (section 3.1.1). The simple harmonic motion has a flapping
amplitude of 60◦ and rotating amplitude of 45◦, while the insect-inspired kinematics
have been detailed in Figs. 3.8 to 3.10 (section 3.2.2). For the non-trapezoidal wing
geometry, λ is obtained by carrying linear regression on the coordinate points on the
leading- and trailing-edges of the wing, yielding simplified trapezoidal planforms from
which λ is computed. Results of the validation cases are shown in Figs. 4.14(a) to (d).
In general, quasi-steady predictions of CL are within 10% of the CFD results, while
predicitons of CP are within 15% of CFD. The hawkmoth case (Fig. 4.14(d)) is an
exception where CL and CP are over-predicted by 21.5% and 17.3%, respectively. The
source of model error will be discussed in section 4.8.3. Despite the higher model error
for the hawkmoth case, it should be noted that such magnitude of error is unsurprising
if one is to take into account the magnitude of error reported by other quasi-steady
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Table 4.1: Details of the validation cases.
Case Wing Geometry Kinematics Re Ro AR λ
SHM Semi-elliptic Simple harmonic motion 4,000 2.97 3.25 0.36
FF Fruit Fly Fruit fly 100 2.55 2.65 0.74
HB Honey bee Honey bee 1,000 3.88 3.67 2.48
HM Hawkmoth Hawkmoth 4,000 2.65 2.92 0.39
models in literature. For example, an estimation based on Fig. 3 in Sane and Dickinson
(2002) indicate that their quasi-steady model can under-estimate CD by about 20% under
certain conditions. Likewise, the model utilised by Zheng et al. (2013b) can over-estimate
CL by about 18% to 22% for certain wing kinematics. Hence, it can be said that the
present quasi-steady model yields, at the very least, similar accurancy as the existing
models in literature. However, the present model has the advantage of being adaptable
to different Re, Ro and wing geometry without additional tuning or calibration.
One pertinent question is whether the improvements provided by the additional
parameter-dependent model terms justify the increased complexity of the present quasi-
steady model. To answer this, the validation cases (Table 4.1) are simulated using a
non-adaptive quasi-steady model, where the model coefficients for the reference wing
(AR=3, Ro=1.73) at Re=500 are used to simulate every case, ignoring the changes in
wing geometry and flow conditions. The comparison between this non-adaptive model
and the full quasi-steady model is shown in Fig. 4.15. It is apparent that the non-adaptive
model over-estimates CL or CP for the case of SHM, FF and HB. These findings indicate
that an adaptive quasi-steady model is crucial to ensure that the model remains accurate
under changing flow conditions and wing geometry.
4.8.3 Error Analysis
The inaccuracy of the quasi-steady model for the hawkmoth case (Fig. 4.14(d)) warrants
further investigation. To investigate if the error arises from wing geometry, simulation of
a hawkmoth wing undergoing simple harmonic motion at Re=4, 000 is conducted. This
case is referred to as ‘HM-SHM’ and the CL and CP results obtained from quasi-steady
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Figure 4.14: Results for (a) SHM, (b) FF, (c) HB and (d) HM validation cases. Shown
here are the snapshots of wing motion (left column), CL (middle column) and CP (right
column). Percentages in brackets shown mean difference between quasi-steady model
and CFD results.
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Figure 4.15: Comparison of CL (left column) and CP (right column) between the full
quasi-steady model, non-adaptive model and CFD results for the (a) SHM, (b) FF, (c)
HB and (d) HM cases.
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modelling and CFD are shown in Fig. 4.16. The results indicate that CL and CP are
over-predicted by 16.0%, and 20.9%, respectively, by the quasi-steady model. Bearing in
mind that the case of the semi-elliptic wing undergoing the same simple harmonic motion
can be predicted accurately by the model (see Fig. 4.14(a)), this indicates that the use
of the hawkmoth wing planform does cause the model to yield high error.
Figure 4.16: Validation results for a hawkmoth wing undergoing simple harmonic motion.
Shown here are the snapshots of wing motion (left column), CL (middle column) and CP
(right column).
The reason why the actual hawkmoth wing generates lower CL and CP compared to
the model predictions can be understood by considering the property of the LEV and
the details of the hawkmoth wing planform. It is well-established in literature that LEVs
over flapping wings grow conically from the wing root to the wing tip (see section 2.2.1).
Hence, having a sufficient outboard wing area is important to fully utilise the strong
outboard portion of the LEV. However, the trailing edge of the hawkmoth planform (see
Fig. 3.3, Fig. 4.14(d) or Fig. 4.16) contains a kink where an abrupt decrease in wing chord
occurs. As a result, the outboard area of the hawkmoth wing is decreased, making it less
effective at capturing the full effect of the LEV, which results in significantly lower force
generation. This effect is not considered by the model, resulting in an over-estimation in
CL and CP as shown in Fig. 4.16.
To investigate whether the model error for the hawkmoth validation case (Fig. 4.14(d))
is also partially due to the wing kinematics, a simulation of a semi-elliptic wing undergo-
ing hawkmoth kinematics at Re=4, 000 is conducted. This case is referred to as ‘SE-HM’.
CL and CP obtained from quasi-steady modelling and CFD of SE-HM are shown in Fig.
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Figure 4.17: Validation results for a semi-elliptic wing undergoing hawkmoth hover kine-
matics. Shown here are the snapshots of wing motion (left column), CL (middle column)
and CP (right column).
4.17. It is apparent that significant deviations in CL and CP are present near t
∗=0.15 and
0.65. To further investigate this phenomenon, ωˆS contours taken at the spanwise plane
corresponding to the R2 position of the wing are shown in Fig. 4.18. Additionally, the
maximum ωˆS and the streamwise (x) and vertical (y) position of the maxima relative to
the wing’s leading-edge are shown in Fig. 4.19. The results clearly indicate that the first
LEV (LEV1) has shed a considerable distance from the wing by t∗=0.15, which causes a
decrease in force generation. By t∗=0.25, LEV1 has shed completely from the wing and a
new LEV (LEV2) begins to form (see Fig. 4.18). However, quasi-steady model is unable
to simulate this LEV shedding phenomenon, resulting in over-predictions in CL and CP
near t∗=0.15 (Fig. 4.17). Likewise, the over-predictions near t∗=0.65 can be attributed
to LEV shedding.
4.9 Closing Remarks on Quasi-Steady Model Development
An improved semi-empirical quasi-steady aerodynamic model for 3D flapping wings in
hover has been developed. Compared to existing models in literature, the present model
is more adaptable and can be applied to cases with different Re, Ro and wing geometry
without prior tuning or calibration. The adaptability of the present model is a noticeable
improvement over existing models in literature which are developed based on one specific
flow condition and one specific wing geometry. Validation against CFD and experiments
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Figure 4.18: ωˆS contours on the plane coinciding with the R2 position of the semi-elliptic
wing undergoing hawkmoth kinematics at Re=4, 000.
Figure 4.19: Maximum ωˆS and the streamwise (x) and vertical (y) position of the maxima
on the R2 plane for the semi-elliptic wing undergoing hawkmoth kinematics at Re=4, 000.
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show that, generally, model predictions for CL are within 10% of CFD results and CP
predictions are within 15% of CFD. However, errors of up to 20% can be observed for
wing planforms with abrupt changes in wing chord along the span. The model may also
over-estimate CL and CP in the case of LEV shedding. Regardless, the accuracy of the
present model is, at the very least, comparable with existing models in literature, with
the advantage of being more adaptable. Hence, the present quasi-steady model can serve
as a useful tool for the preliminary design of future FWMAVs.
4.10 On the Coupling of Aspect Ratio and Rossby Number
4.10.1 Background
In section 4.6.1, it is shown that when the aspect ratio (AR) of a root-flapping (∆R=0,
see Fig. 4.20) wing is increased, the force generation shows an ‘increase-plateau-decrease’
trend (‘raw’ coefficients in Fig. 4.10(a)). However, when Rossby number (Ro) effects
are isolated, force generation increases with respect to AR throughout the entire AR
range considered (‘Ro-corrected’ coefficients in Fig. 4.10(a)). This observation indicates
that the coupling between AR and Ro may significantly affect the perceived effect of
AR on the force generation of flapping wings. In this section, the effect of AR on the
aerodynamics of flapping wings is addressed in detail.
Numerous studies into the effect of AR on flapping wings are available in literature.
For simplicity, researchers typically adopt a simplified revolving motion, where the wing
maintains a fixed α at constant flapping velocity (ϕ˙). Lentink and Dickinson (2009)
have shown that this revolving motion establishes a 3D flow that stabilises the LEV and
captures much of the salient flow physics of actual flapping wings. A schematic drawing
of the revolving wing model is shown in Fig. 4.20.
Studies in literature regarding the effect of AR on flapping or revolving wings can be
divided into two main configurations with regards to how AR is manipulated. The first
category is referred to as the ‘constant rˆ2 configurations’. rˆ2 is the dimensionless radius
of gyration, obtained by normalising the radius of gyration (R2) by the wing tip radius
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Figure 4.20: Schematic drawing of the
revolving wing model and the geomet-
ric parameters.
(R), i.e. rˆ2=R2/R. For example, Usherwood and Ellington (2002b) varied the AR of a
revolving hawkmoth wing from 2.3 to 7.9 while maintaining rˆ2=0.547. Likewise, Luo and
Sun (2005) simulated revolving hawkmoth wings with AR ranging from 2.8 to 5.5 while
maintaining rˆ2=0.53. Harbig et al. (2013b) simulated revolving fruit fly wing models
with AR ranging from 2.91 to 7.31 while maintaining rˆ2=0.57. More recently, Han et
al. (2015a) investigated the AR effects on an inverse Zimmerman planform where a root
offset of ∆R=0.2b was present. AR was manipulated from 1.5 to 8 while maintaining
rˆ2=0.57.
The second category of AR studies comprises of studies that maintained a small root
offset (∆R) while AR was varied by manipulating the wing span. Consequently, rˆ2 was
a function of AR. For example, Garmann and Visbal (2014) studied rectangular wings
with ∆R=0.5c and AR ranging from 1 to 4. Similarly, Carr et al. (2015) varied the AR of
rectangular wings from 1 to 4 while maintaining ∆R=0.3c. Further investigations were
conducted by Kruyt et al. (2015) on a cambered rectangular wing with ∆R=0.633c and
AR ranging from 2 to 10.
The different configurations used in the above-cited studies give rise to some dis-
crepancies in terms of the perceived effect of AR on mean lift generation (CL). These
discrepancies can be summarised as follows.
Three studies, namely, Garmann and Visbal (2014), Carr et al. (2015) and Han et
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al. (2015a) included the very low AR < 2 range in their analysis. Both Garmann and
Visbal (2014) and Han et al. (2015a) reported that CL increases as AR increases within
this range. However, Carr et al. (2015) reported a slight decrease in CL as AR increases
from 1 to 2.
Within the range of 2 ≤ AR ≤ 5, Usherwood and Ellington (2002b), Luo and Sun
(2005), Harbig et al. (2013b) and Garmann and Visbal (2014) reported that CL is insen-
sitive to AR. In Kruyt et al. (2015), if one is to focus on the α=45◦ results, CL shows a
non-monotonic trend with respect to AR. Specifically, CL decreased when AR increased
from 2 to 3, but further increase in AR from 3 to 5 caused a CL increase. In contrast
to other studies within this range, Carr et al. (2015) shows a slight decrease in CL when
AR increased from 2 to 4. Conversely, Han et al. (2015a) shows an optimum AR=3 that
yielded maximum CL.
Within the higher AR > 5 range, Harbig et al. (2013b), Han et al. (2015a) and Kruyt
et al. (2015) reported a decrease in CL when AR increased beyond a certain threshold;
this threshold differs from case to case. For Harbig et al. (2013b), the threshold is
AR ≈ 5, while the α=45◦ results in Kruyt et al. (2015) show that CL begins to decrease
when AR > 8. Han et al. (2015a) reported a decreasing CL trend when AR > 3.
In contrast, Usherwood and Ellington (2002b) reported insignificant AR effects up to
AR=7.9. However, their results are actually consistent with Kruyt et al. (2015), where
the onset of CL decrease occurred only when AR > 8, which is beyond the AR range
considered in Usherwood and Ellington (2002b).
Overall, most studies agreed that CL increases as AR increases when AR < 2. There-
after, from AR=2 to 5, most studies claimed that CL is insensitive to AR. Several stud-
ies also agreed that beyond a threshold AR, CL will begin to decrease as AR increases.
However, the value of this threshold varies between studies. Unlike most studies, Carr
et al. (2015) reported a slight decrease in CL as AR increased throughout 1 ≤ AR ≤ 4.
Conversely, the results from Kruyt et al. (2015) suggested a non-monotonic CL trend
near AR=3, while Han et al. (2015a) observed an optimum value of AR=3 that yielded
maximum CL.
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Note that the above-cited studies regarding the effects of AR on flapping wing aero-
dynamics did not attempt to isolate the effects of AR from Ro. As a result, in their
experiments and simulations, Ro was a function of AR and the AR-Ro coupling was
dependent on the particular configuration of rˆ2 or ∆R used in the respective studies.
Using the geometric properties reported in the above-cited studies, the variation of Ro
against AR in each study is computed and shown in Fig. 4.21. It is evident from Fig.
4.21 that the AR-Ro relationship varies between different studies.
Figure 4.21: Variation of
Ro with respect to AR
computed from studies in
literature.
Hence, in the above-cited studes, Ro effects have been inadvertently included in the
trends of CL against AR; the true effect of AR on flapping wings remains unknown. Here,
a more fundamental study is conducted, where the effects of AR and Ro are isolated and
investigated separately. This is achieved by conducting numerical simulations where AR
is varied under constant Ro and vice versa.
4.10.2 Isolation of AR and Ro
The present study makes use of the simplified revolving wing model shown in Fig. 4.20.
The wing models consist of thin rectangular plates with thickness equivalent to 0.02c
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and varying AR. Ro for this rectangular wing is defined based on equation (4.37),
where ∆r=∆R/c. For wings with any given AR, Ro can be manipulated by setting the
appropriate ∆R. Note that to prevent physically unrealistic situations, ∆R cannot take
on negative values. This places a lower limit on Ro for a given value of AR and an upper




















Numerical simulations are conducted throughout the AR range of 1, 2, 3, 4, 5, 7 and
10, and the Ro range of 0.58, 1.15, 1.73, 2.31, 2.89, 4.04 and 5.77. Note that this Ro
range corresponds to the Ro of root-flapping (∆R=0) wings with AR=1, 2, 3, 4, 5, 7
and 10, respectively. Due to the constraint imposed by equations (4.38) and (4.39), only
28 of the above combinations are valid. The wings are subjected to ‘fixed translational
motion’ (see equation (4.5)) at α=45◦ and Re=500.
Transient CL from the root-flapping (∆R=0) cases are plotted against the angular
distance travelled (ϕ) as depicted in Fig. 4.22(a). The results show that CL generation
tends to reach a steady or periodic state by ϕ = 135◦. Accordingly, mean lift coefficient
(CL) is computed by time-averaging the CL results from ϕ = 171
◦ to 261◦ (shaded region
in Fig. 4.22(a)). CL from all 28 cases are shown in Fig. 4.22(b), where the results have
been grouped into the root-flapping series and six constant-Ro series.
From Fig. 4.22(b), it is evident that the root-flapping series display a different CL
trend compared to the constant-Ro series. For the root-flapping series, CL increases
when AR increases from 1 to 2. Subsequently, a CL plateau is present from AR=2 to 4.
Beyond AR = 4, CL shows a decreasing trend from AR=4 to 10.
For the constant-Ro series with Ro=1.15, 1.73 and 2.31, CL increases when AR
increases until the maximum AR of AR =
√
3Ro is achieved. For the constant-Ro series
with Ro=2.89, 4.04 and 5.77, CL increases with respect to AR until about AR=4 or
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Figure 4.22: (a) Transient CL from CFD of the root-flapping (∆R=0) cases. (b) CL
generated at varying AR and Ro.
5. Further increase in AR has little effect on CL. Hence, if Ro is maintained constant,
AR has no detrimental effect on CL even when it is increased to AR=10. Overall, when
the effect of Ro is isolated by maintaining constant Ro, the effect of AR on flapping
wings is remarkably similar to that of conventional fixed wing, where an increase in AR
is associated with an increase in lift generation until the effect saturates at very high AR.
4.10.3 Implication of AR-Ro Coupling on Perceived AR Effects
The results in Fig. 4.22 suggests that the AR-Ro coupling has a significant impact on
the perceived effect of AR on CL. Hence, the discrepancies in literature regarding the
effect of AR on flapping wings may be partly due to AR-Ro coupling. To investigate this
hypothesis, four series of simulations are conducted where AR is varied by four distinct
configurations as shown in Fig. 4.23.
Series 1 is the root-flapping (∆R=0) series, which can be considered a ‘constant rˆ2
configuration’ with rˆ2=0.577. Series 2 is the constant Ro=2.89 series. Series 3 follows
the configuration used in Han et al. (2015a) where root offset of ∆R=0.2b is imposed,
yielding rˆ2=0.631. This represents a ‘constant rˆ2 configuration’ with noticeably higher rˆ2
than Series 1. Finally, Series 4 follows the configuration used in Kruyt et al. (2015) where
root offset of ∆R=0.633c is imposed. This represents the ‘constant ∆R configuration’
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Figure 4.23: Schematic drawing (plan view) of four series of simulations, where AR is
varied under different configurations. AR=1, 3 and 5 wings are shown in grey, red and
blue, respectively. Black dots indicate the revolving motion axis.
with a moderate value of ∆R. The four series traverse the AR-Ro parameter space on
different loci (see Fig. 4.24) and they are expected to yield considerably different trends
of CL against AR. The only difference between the four series is how Ro varies with
respect to AR while all other factors remain identical between the series. The simulation
results will indicate whether the discrepancies on AR effects reported in literature can
be attributed to AR-Ro coupling alone.
Figure 4.25(a) shows the CL obtained from the simulation of the four series described
in Fig. 4.23. Series 1 and Series 2 are the root-flapping (∆R=0) and constant Ro=2.89
series, respectively, which have already been discussed based on Fig. 4.22(b). Series 3,
which imitates the configuration in Han et al. (2015a), has higher Ro compared to Series
1 (see Fig. 4.24) due to the root offset of ∆R=0.2b. Consequently, Fig. 4.25(a) shows
that Series 3 has a very similar CL trend compared to Series 1, but at a lower magnitude.
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Figure 4.24: Contour map showing CL as a function of AR and Ro. The grid line
intersections within the ‘simulated range’ correspond to the data points in Fig. 4.22(b)
and the contours are interpolated from these data points. The contours above Ro=5.77
are extrapolated from the lower Ro values. Black lines show the four different series
(detailed in Fig. 4.23) traversing the AR-Ro parametric space on different loci.
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Likewise, Series 4, which imitates the configuration used in Kruyt et al. (2015), has CL
that is lower than Series 1 due to higher Ro. Unlike Series 1 and 3 which feature a CL
plateau from AR=2 to 4, Series 4 depicts an increase in CL from AR=1 to 4, beyond
which CL decreases when AR is further increased.
However, it is also worth noting that the definition of CL used in Carr et al. (2015)
and Han et al. (2015a) was based on the velocity at the wing tip (ϕ˙R) as shown in
equation (4.40), rather than the velocity at R2 position that is more conventionally used
(see equation (4.41)). To facilitate good comparison with past literature, the CL results
in Fig. 4.25(a) are converted into the mean lift coefficient based on wing tip velocity












Figure 4.25: Variation of mean lift coefficient against AR, showing (a) CL computed
using R2 position velocity and (b) CL,tip computed using wing tip velocity.
In Fig. 4.25(b), the CL,tip trends from Series 1 and 3 remain fairly similar to the CL
trends in Fig. 4.25(a) except for the change in magnitude. For Series 2, the increasing
CL trend previously observed in Fig. 4.25(a) is completely reversed and CL,tip shows a
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decreasing trend with respect to AR (Fig. 4.25(b)). Similarly, for Series 4, the increasing
CL trend from AR=1 to 4 (Fig. 4.25(a)) is reversed and a negative CL,tip trend is obtained
in Fig. 4.25(b).
Comparing the trends in Fig. 4.25 with the trends reported in literature yields in-
teresting insight. Here, the trends of mean lift coefficient against AR reported in past
literature are compared against the simulation series in Fig. 4.25 that is most similar
in terms of configuration. Usherwood and Ellington (2002b), Luo and Sun (2005) and
Harbig et al. (2013b) investigated AR effects using the ‘constant rˆ2 configuration’ with
relatively low rˆ2, which is very similar to the configuration used in Series 1. Within the
range of 2 ≤ AR ≤ 4, Series 1 in Fig. 4.25(a) shows that CL is insensitive to AR, which
is consistent with the above-cited studies. Beyond AR=4, Series 1 shows a decreasing
CL trend (Fig. 4.25(a)), which is consistent with Harbig et al. (2013b). However, Usher-
wood and Ellington (2002b) observed that CL is insensitive to AR up to AR=7.9, which
clearly differs from the observation in Harbig et al. (2013b) and the Series 1 results in
Fig. 4.25(a). The reason behind this mismatch cannot be confirmed, but it may be due
to the difference in wing geometry.
Garmann and Visbal (2014) and Kruyt et al. (2015) used the ‘constant ∆R config-
uration’ in their AR studies, which is close to the configuration used by Series 4 (refer
to Fig. 4.23 for details of the series). Series 4 in Fig. 4.25(a) shows an increase in CL
as AR increases from 1 to 2, which is consistent with Garmann and Visbal (2014). The
subsequent CL increase from AR=2 to 4 is less significant, which also agrees with Gar-
mann and Visbal (2014). However, the non-monotonic CL trend reported in Kruyt et
al. (2015) within the 2 ≤ AR ≤ 5 range is not observed in the Series 4 results in Fig.
4.25(a). Also, Kruyt et al. (2015) reported a CL plateau from AR=5 to 8 which is not
reproduced here. This may be partially due to the 6% cambered wing used in Kruyt
et al. (2015) which may have some effects on the lift generation. Regardless, Series 4
in Fig. 4.25(a) indicates that, compared to Series 1 where CL is almost constant from
AR=2 to 4, the ‘constant ∆R configuration’ used in Series 4 does yield more noticeable
CL variations within the 2 ≤ AR ≤ 4 range (Fig. 4.25(a)).
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Han et al. (2015b) and Carr et al. (2015) used the wing tip velocity to compute mean
lift coefficient. Hence, their results are compared to the trends of CL,tip shown in Fig.
4.25(b). Results from Han et al. (2015b) are compared with Series 3 in Fig. 4.25(b)
as they have similar configurations, i.e. ‘constant rˆ2 configuration’ with root offset of
∆R=0.2b. Series 3 results in Fig. 4.25(b) agree well with Han et al. (2015), in that an
optimum CL,tip is present at AR=3, although the optimum CL,tip in the present result is
only marginally higher than the values at AR=2 and 4.
In Carr et al. (2015), the trends of CL,tip against AR are obtained under the ‘constant
∆R configuration’. Accordingly, Carr et al. (2015) is compared to the Series 4 in Fig.
4.25(b) which has a similar configuration. The Series 4 results show a decreasing trend
of CL,tip against AR, which is consistent with Carr et al. (2015).
Overall, Fig. 4.25 shows that distinct mean lift coefficient trends can be obtained
from different AR-Ro coupling. Additionally, the choice of reference velocity for the
normalisation of lift force has a significant effect on the perceived AR effect on mean lift
coefficient. By considering different AR-Ro coupling and different choices of reference
velocity, Fig. 4.25 is able to account for some of the discrepancies in AR effects observed
in literature. Specifically, Series 3 results in Fig. 4.25(b) show that adopting the ‘constant
rˆ2 configuration’ and using wing tip velocity as reference velocity yield the observation of
optimum AR=3 as reported by Han et al. (2015b). Additionally, Series 4 in Fig. 4.25(b)
indicate that by adopting the ‘constant ∆R configuration’ and using wing tip velocity
as reference velocity, a decreasing mean lift coefficient trend can be obtained, similar to
Carr et al. (2015).
4.10.4 AR and Ro Effects on Flow Structures
The effects of AR and Ro on the flow field are investigated by plotting the vortex struc-
tures and pressure contours of the AR=1, 3 and 5 cases from Series 1 (root-flapping
or ∆R=0 series) and Series 2 (constant Ro=2.89 series). The vortex structures are
represented by the iso-surfaces of Qˆ (see section 3.2.1), which are shown in Fig. 4.26.
Here, ‘LEV’, ‘RV’ and ‘TV’ refer to the leading-edge vortex, root vortex and tip vortex,
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Figure 4.26: Plan view of the Qˆ=−1 iso-surfaces from selected cases of Series 1 (root-
flapping) and Series 2 (Ro=2.89).
respectively.
To identify how Ro affects the vortex structures, the AR=3 cases from Series 1 and
Series 2 are compared. It is apparent that Series 1, which has a significantly lower
value of Ro, has a more coherent LEV structure that grows conically from the wing root
until about 2/3 of the wing span, after which it is tilted into the streamwise direction
and becomes indistinguishable from the TV. However, at the higher Ro of 2.89 (Series
2), the LEV is only coherent up to the mid-span, after which the LEV is tilted into
the streamwise direction. This observation that the LEV is less coherent at higher Ro
is consistent with Lentink and Dickinson (2009), Bos et al. (2013) and Wolfinger and
Rockwell (2014). Similar observation can be made when comparing the AR=1 cases at
different Ro (Fig. 4.26). As to how LEV coherence affects CL, this can be understood
by taking a look at the pˆ contours shown in Fig. 4.27. Comparing the AR=3 cases at
different Ro, it is apparent that the more coherent LEV generated at lower Ro results in
a stronger low pressure region on the upper surface of the wing. As a result, wings with
lower Ro generate higher CL.
Additionally, the effect of AR can be understood by observing the pˆ contours obtained
at different AR for Series 2, where Ro is constant (Fig. 4.27). Focusing first on the case
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Figure 4.27: Plan view of the pˆ contours from selected cases of Series 1 (root-flapping)
and Series 2 (Ro=2.89).
of AR=5, it is apparent that the magnitude and spatial extent of the low pressure region
grows from the wing root until about mid-span. Thereafter, the magnitude remains
fairly constant until about 90% of the wing span, after which the low pressure region
diminishes rapidly. If one is to assume that the region with pˆ ≥ −1.5 near the wing tip is
the ‘tip influenced region’, then the ‘tip influenced region’ occupies about 9% of the total
planform area for the AR=5, Ro=2.89 wing. For the AR=3 wing, the ‘tip influenced
region’ covers about 19% of the planform area. For the AR=1 wing, the flow is dominated
by wing tip effects, and the ‘tip influenced region’ is about 88% of the planform area.
Not surprisingly, the ‘tip influeced region’ decreases when AR increases. As a result, CL
increases with AR, and this is consistent with conventional fixed wing aerodynamics.
As to why the low pressure region weakens near the wing tips, the Qˆ iso-surfaces in
Fig. 4.26 show that the LEV near the wing tip is tilted towards the streamwise orientation
and is transported away from the wing surface. This is likely due to the freestream
velocity beyond the wing tip tilting and convecting the LEV in the streamwise direction.
As a further proof that this phenomenon is due to 3D wing tip effects and not due to
other factors such as LEV instability, additional simulations of the AR=1, 3 and 5 wings
at Ro=2.89 are conducted, where a wing tip extension has been attached onto each wing.
The extension takes the form of a 1c × 1c plate as shown in Fig. 4.28(a). If the tilting
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of the LEV is truly due to 3D wing tip effects, the addition of these extensions should
increase the strength of the low pressure region over the wing. Conversely, if the tilting
of the LEV is due to LEV instability, the tip extensions should have little effect on the
low pressure region.
Results of these simulations are shown in Fig. 4.28(b). Comparison between the
pressure contours in Fig. 4.27 and Fig. 4.28(b) clearly shows that the tip extensions
reduce the ‘tip influenced region’ significantly, and the low pressure region is extended
all the way to the intersection between the wing and the tip extension. Additionally, CL
over the main wing (excluding the forces on the tip extension) for the AR=1, 3 and 5
wings increase by 61%, 50% and 29%, respectively, when the tip extensions are included.
Hence, it can be concluded that the reduction in 3D wing tip effects due to an increase
in AR has a significant effect on the mean lift generation of flapping wings.
Figure 4.28: (a) Schematic drawing of the tip extension and (b) Plan view of the pˆ
contours of Series 2 (Ro=2.89) cases with tip extensions (‘Ext’).
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4.10.5 Closing Remarks on AR-Ro Coupling
Overall, the present investigation on AR-Ro coupling reinforces the earlier findings in
section 4.6.1. Specifically, when the coupling between AR and Ro is removed, the effect of
AR on the CL of a flapping or revolving wing is remarkably similar to that of conventional
fixed wing aerodynamics, where an increase in AR is associated with the reduction of 3D
wing tip effects, resulting in an increase in CL. Furthermore, when AR is constant, Ro
decreases the stability of the LEV, which is detrimental to CL.
These findings are consistent with Luo and Sun (2005), who postulated that the
increase in AR (without maintaining constant Ro) produces two counteracting effects.
The first mechanism is the reduction in LEV stability which decreases CL, and the second
mechanism is the reduction of 3D wing tip effects which increases CL. The present
findings indicate that the first mechanism is due to Ro while the second mechanism is
the true AR effect. More importantly, the results provide additional evidence that the




Elevating Motion for FlappingWings
in Hover ∗
5.1 Introduction
The kinematics of insect wings can be broadly divided into flapping (ϕ), elevating (θ)
and rotating (ψ) motions. Flapping motion generates a flow velocity over the wing while
rotating motion imposes the appropriate α — both are important for lift generation.
However, the purpose of elevating motion remains unclear. Previous studies on elevating
motion conducted by Sane and Dickinson (2001) and Bos et al. (2013) reported that
elevating motion is generally detrimental to CL and CL/CD, except for figure-of-eight
motions at low elevation amplitude which increases CL/CD marginally at the cost of a
CL penalty. Phillips and Knowles (2011) found contradicting results whereby the figure-
of-eight elevating motion can result in a slight increase in CL. The reason behind this
difference is unclear as the flow structure details were not discussed.
According to Sane and Dickinson (2001), elevating motion affects aerodynamic per-
formance via three mechanisms. The first mechanism is the alteration to effective angle
of attack (αe). Specifically, a downward elevation increases αe, which is associated with
a stronger LEV and higher force generation. Conversely, an upward elevation decreases
αe. The second mechanism is the introduction of radial force component. When the
wing has non-zero θ, the wing normal force vector tilts away from the lift direction and
∗Parts of this chapter have been published in AIAA J 54:2247-2264, 2016
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towards the radial direction, which reduces CL. The third mechanism is the alteration
to wake capture. Specifically, elevating motion changes the relative position between the
wing and the shed vortices, resulting in different wake capture behaviour.
Based on existing literature, two prominent aspects of the elevating motion require
further investigations. Firstly, all of the above-cited studies explored the effects of el-
evating motion at only one value of mid-stroke angle of attack, αM ≈ 45◦. Whether
elevating motion is more beneficial at other values of αM is unknown and further studies
are conducted. As to what values of αM should be considered, previous studies such as
Sane and Dickinson (2002) have established that flapping wings generate maximum lift
at α ≈ 45◦. Conversely, drag generation increases as α increases. Hence, kinematics with
α < 45◦ may yield high hovering efficiency due to the decrease in drag, which warrants
further investigations. Conversely, there is little motivation to investigate the α > 45◦
range as the decrease in lift and increase in drag will result in inefficient wing kinemat-
ics. Regarding what value of αM in the α < 45
◦ range should be adopted, the fruit fly
kinematics is referred (see Fig. 3.8(a)). During downstroke, the fruit fly achieves α=19◦;
conversely, during upstroke, α=28◦ is achieved. Accordingly, αM=25
◦ is selected as an
intermediate representative value. Hence, in this study, the effect of elevating motion is
evaluated at two different values of αM , namely, 45
◦ and 25◦.
The second aspect of elevating motion that is addressed here is the aerodynamic mech-
anisms. Sane and Dickinson (2002) have proposed three aerodynamic mechanisms that
allow elevating motion to affect the aerodynamic performance of flapping wings. How-
ever, there was no flow visualisation results in the above-cited studies. Hence, additional
investigations are still required to confirm the presence of these mechanisms.
5.2 Approach
Experimental measurements and CFD simulations are utilised to obtain the CL and
CL/CP of flapping wings undergoing different elevating motions. Transient CL and CP
and the flow structures are obtained from CFD to identify the mechanisms through which
elevating motion affects the aerodynamic performance.
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The first part of this study focuses on the simple harmonic motion (SHM). The
hawkmoth wing model (see Fig. 3.3 in section 3.1.1) is subjected to simple harmonic
flapping, elevating and rotating motions. These motions are described in equations (5.1)
to (5.3), where ϕ0, θ0 and ψ0 are the amplitudes of the flapping, elevating and rotating
motions, respectively. f is the frequency of the flapping and rotating motions while fθ is
the elevating motion frequency. βθ is the phase offset of the elevating motion relative to
the flapping motion. Accordingly, αM is given by αM=(90
◦ − ψ0).
ϕ = ϕ0 cos(2πft) (5.1)
θ = θ0 cos(2πfθt+ βθ) (5.2)
ψ = 90◦ − ψ0 sin(2πft) (5.3)
In the present study, ϕ0=60
◦ and θ0 is tested at 0
◦, 3◦, 6◦ and 12◦. Two values of αM
are considered, namely, 45◦ and 25◦, which correspond to ψ0 = 45
◦ and 65◦, respectively.
Six types of SHMs are tested here, namely:
1. Zero elevating motion (henceforth referred to as ‘Zero’), where θ=0◦
2. Figure-of-eight motion starting with downward elevation (henceforth referred to as
‘8D’), where fθ=2f and βθ=90
◦.
3. Figure-of-eight motion starting with upward elevation (henceforth referred to as
‘8U’), where fθ=2f and βθ=270
◦.
4. U-shaped motion (henceforth referred to as ‘U’), where fθ=2f and βθ=0
◦.
5. n-shaped motion (henceforth referred to as ‘n’), where fθ=2f and βθ=180
◦.
6. Oval motion starting with downward elevation (henceforth referred to as ‘OD’),
where fθ=f and βθ=90
◦.
All motions except ‘Zero’ are suffixed with the elevation amplitude; for example,
‘8D12’ refers to the ‘8D’ motion with θ=12◦. The wing tip trajectories of the above
motions are shown in Fig. 5.1.
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The hawkmoth wing model used in this study has b=250 mm and c¯=87.2 mm. An
offset of ∆R=113mm is present between the wing root and the flapping axis, yielding the
radius of gyrationR2=229mm. The experiments are conducted in water (ρ = 998 kg m
−3
and ν = 9.570× 10−7 m2 s−1) and the flapping frequency, f=0.15 Hz. This yields a Re
range of 13, 000 < Re < 15, 000 for kinematics with different elevation profiles. Although
this Re range is slightly higher than the typical insect flight, the present results are still
relevant since Lentink and Dickinson (2009) have already found that force coefficients of
flapping wings are not sensitive to Re when Re > 1, 400.
Figure 5.1: Wing tip trajectories of
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In the second part of this study, the hawkmoth wing model is subjected to realis-
tic hawkmoth kinematics extracted from Willmott and Ellington (1997). The effect of
elevating motion is tested by multiplying the original hawkmoth elevating motion by
different constants, namely, 0%, 50%, 100% and 200%. These motions are shown in Fig.
5.2 and are referred to as ‘HM 0.0’, ‘HM 0.5’, ‘HM 1.0’ and ‘HM 2.0’, respectively. To
achieve more realistic flow conditions, the hawkmoth experiments are conducted in a
water-glycerine mixture and f has been adjusted to yield Re=4, 000, which is close to
the Re range of actual hawkmoths (see Liu and Aono, 2009).
5.3 Simple Harmonic Motions
5.3.1 Zero Motions
The Zero motions serve as the benchmark to which other elevating motions are compared.
Figure 5.3 shows the transient CL and CP obtained from the fifth downstroke of the
Zero motions with αM=45
◦ and 25◦, when periodic flow conditions have already been
established. Due to the symmetry between the downstroke and the upstroke, data for the
upstroke has been omitted to avoid repetition. Overall, there is good agreement between
experimental and CFD results, except for some oscillations in the experimental results.
These oscillations originate from mechanical vibrations that occur during the flapping
motions. Noting that CFD agrees well with experiments and offers smoother CL and
CP trends, the subsequent discussions will make use of the transient CL and CP trends
obtained from CFD.
The vortex structures generated by the Zero motions are shown in Fig. 5.4. The
vortex structures during the fifth downstroke (‘D5’) is shown; the residual vortices from
the previous stroke (fourth upstroke) are prefixed with ‘U4’. The leading-edge, trailing-
edge, tip and root vortices are labelled ‘LEV’, ‘TEV’, ‘TV’ and ‘RV’, respectively. These
structures are viewed from behind the wing at a line of sight 30◦ above the horizontal
plane.
At t∗=4.10, the wing encounters the residual U4 LEV which moves across the leading-
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Figure 5.3: Transient (a) CL and (b) CP from the Zero motions with αM=45
◦ and 25◦.
Solid lines indicate experimental results and broken lines show the CFD results.
edge, while the U4 TV and U4 TEV convect downwards and do not interact directly with
the wing. Concurrently, the new vortex structures D5 LEV, D5 TEV and D5 RV begin
to form. At t∗=4.25, D5 LEV of the αM=25
◦ case appears less coherent compared to the
αM=45
◦ case. The less coherent LEV structure causes the αM=25
◦ case to yield lower CL
and CP compared to the αM=45
◦ case from t∗=4.00 to 4.35 (see Fig. 5.3). Subsequently,
from t∗=4.35 to 4.50, the αM=25
◦ case has slightly CL than the αM=45
◦ case (Fig. 5.3).
This can be attributed to rotational lift (Dickinson et al., 1999). Specifically, due to the
higher rotation amplitude, the αM=25
◦ case generates higher rotational lift and therefore
higher CL near the end of each stroke compared to the αM=45
◦ case. Also, the increased
rotational lift causes the αM=25
◦ case to have delayed CL and CP peaks compared to
the αM=45
◦ case.
5.3.2 Effects of Simple Harmonic Elevating Motions
In this section, the effects of elevating motions in various SHM configurations are inves-
tigated. It should be noted that elevating motion changes the angle of the instantaneous
stroke plane, which alters αe based on equation (5.4). The values of αe imposed by the
different simple harmonic elevating motions (Zero, 8D, 8U, U and n) at αM=45
◦ and 25◦
are shown in Fig. 5.5. Note that elevation amplitude (θ0) alters the magnitude but not
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Figure 5.4: Iso-surfaces of Qˆ=−5 from the fifth downstroke of the Zero motions at
αM=45
◦ and 25◦.
the general effect of elevating motion on αe. Hence, only the θ0 = 12
◦ cases are shown in
Fig. 5.5 for the sake of clarity. The motions in Fig. 5.5 have symmetrical downstroke and
upstroke; accordingly, only the downstrokes are shown. The OD motion is not included
as it will be discussed separately in section 5.3.7.






Instantaneous CL and CP from the fifth downstrokes of the Zero, 8D, 8U, U and
n motions are shown in Fig. 5.6. Here, only the θ=12◦ cases are shown for the same
reason stated above. The vortex structures for the αM=45
◦ cases are shown in Fig. 5.7.
The overall aerodynamic performance in terms of CL and CL/CP for the αM=45
◦ and
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αM=25
◦ cases are shown in Figs. 5.8 and 5.9, respectively. In Figs. 5.8 and 5.9, both
experimental and CFD results are shown as additional validation. Evidently, there is
good agreement between experiments and CFD. The effects of each type of elevating
motion are discussed in detail in the following sections.
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Figure 5.5: Instantaneous αe profiles during the downstrokes of different elevating mo-
tions at (a) αM=45
◦ and (b) αM=25
◦.
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Figure 5.6: Transient (a) CL and (b) CP for the αM=45
◦ SHM cases, and (c) CL and
(d) CP for the αM=25
◦ SHM cases.
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Figure 5.7: Iso-surfaces of Qˆ=−5 from the fifth downstrokes of the 8D12, 8U12, U12 and
n12 motions at αM=45
◦.
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Figure 5.8: Variation of CL (top row) and CL/CP (bottom row) against θ0, obtained from
experiments (left column) and CFD (right column) of elevating motions at αM=45
◦.
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Figure 5.9: Variation of CL (top row) and CL/CP (bottom row) against θ0, obtained from
experiments (left column) and CFD (right column) of elevating motions at αM=25
◦.
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5.3.3 8D Motion
The 8D motion traces a figure-of-eight starting with a downward elevation (see Fig. 5.1).
Fig. 5.6 shows that 8D12 generates lower CL and CP compared to the Zero motion
from t∗=4.10 to 4.35. The reason behind this decrease can be explained using the flow
structures shown in Fig. 5.7. For 8D12, the initial D5 LEV1 has shed away from the wing
by t∗=4.15. This LEV shedding is associated with the rapid downward elevating motion
at the start of 8D12. As a result, CL and CP of 8D12 is significantly reduced compared
to the Zero motion from t∗=4.10 to 4.15. Subsequently, from t∗=4.15 to 4.35, the new
D5 LEV2 is formed (Fig. 5.7). However, D5 LEV2 of 8D12 (Fig. 5.7) is less coherent
compared to the LEV of the Zero motion, and this is because 8D12 is undergoing upward
elevation which results in significantly reduced αe compared to the Zero motion (see Fig.
5.5). Consequently, 8D12 generates lower CL and CP compared to the Zero motion.
Overall, the aerodynamic performance trends in Figs. 5.8 and 5.9 indicate that in-
creasing the θ0 of the 8D elevating motion causes a significant decrease in CL at both
αM=45
◦ and 25◦. However, 8D also causes a decrease in CP , resulting in an increasing
trend in CL/CP . Excessively high elevating motion at αM=25
◦ is detrimental to both
CL and CL/CP . Hence, 8D motions can offer slight improvements to hovering efficiency,
but at a significant penalty to lift generation.
5.3.4 8U Motion
The 8U motion traces a figure-of-eight starting with an upward elevation (see Fig. 5.1).
Transient CL and CP in Fig. 5.6 show that 8U12 causes CL and CP to decrease near the
beginning (4.00 < t∗ < 4.15) and near the end of the stroke (4.35 < t∗ < 4.50). This can
be attributed to 8U12 having lower values of αe compared to the Zero motion (see Fig.
5.5).
From t∗=4.15 to 4.30, CL and CP of 8U12 tends to be higher than those of the
Zero motion. This can be attributed to the higher αe for 8U12 as shown in Fig. 5.5.
Interestingly, if one is to compare Figs. 5.6(a) and (c), it is apparent that the CL increase
is rather marginal at αM=45
◦ but is more significant at αM=25
◦. The vortex structures
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shown in Fig. 5.7 indicate that D5 LEV1 generated by 8U12 at t∗=4.25 is larger and
more coherent compared to the LEV generated by the Zero motion (see Fig. 5.4). As to
why this increase in LEV strength is highly beneficial at αM=25
◦ but only marginally
beneficial at αM=45
◦, this can be explained by considering the direction of the wing
normal force vector. For the αM=25
◦ case, the force vector generated by the wing is
aligned closer to the vertical direction. Hence, the force vector is more favourable for lift
generation and the αM=25
◦ case is able to better utilise the stronger LEV to augment the
CL. In contrast, for the αM=45
◦ case, the force vector generated by the wing contributes
significantly to both lift and drag due to the high α. Due to this unfavourable force vector
angle, the augmentation to CL due to the stronger LEV is less significant at αM=45
◦.




◦ (Fig. 5.8), increasing θ0 from 0
◦ to 3◦ causes a slight
increase in CL. At higher θ0, CL decreases when θ0 increases. 8U motion also causes a
slight decrease in CL/CP . At αM=25
◦, increasing θ0 from 0
◦ to 6◦ causes a significant
increase in CL and a slight decrease in CL/CP . Further increase to θ0=12
◦ causes a
significant decrease in CL/CP without a corresponding benefit to CL. This implies that
at low and moderate elevation amplitude, the 8U motion at low αM is aerodynamically
beneficial as the lift generation is significantly increased without a significant penalty to
hovering efficiency.
5.3.5 U Motion
The U motion traces an arc, starting with a downward elevation. Transient CL and CP in
Fig. 5.6 indicate that U12 generates higher CL and CP compared to the Zero motion near
the beginning of the stroke (t∗=4.00 to 4.15). The initial increase in CL and CP for the
U12 motion can be attributed to the downward elevation, which yields higher αe as shown
in Fig. 5.5. Similar to the 8D motion in section 5.3.3, this initial downward motion is
associated with the shedding of initial LEV as shown in the flow structures in Fig. 5.7; at
t∗=4.25, the initial D5 LEV1 has convected away from the leading-edge and a new D5 -
LEV2 structure appears to be forming near the leading-edge. As a consequence, CL and
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CP of U12 is significantly lower than the Zero motion throughout this duration (t
∗=4.20
to 4.30) as depicted in Fig. 5.6. For the remainder of the stroke (t∗=4.30 to 4.50), U12
has significantly lower αe compared to the Zero motion (Fig. 5.5). Correspondingly, U12
also generates lower CL and CP compared to the Zero motion (Fig. 5.6). Overall, the
aerodynamic performance trends shown in Fig. 5.8 and Fig. 5.9 indicate that U elevating
motion is associated in a significant decrease in CL and a slight increase in CL/CP .
5.3.6 n Motion
The n motion traces an arc, starting with an upward elevation. This motion is exactly
opposite to the U motion. The αe profiles in Fig. 5.5 show that during the first half of
the stroke, n12 has lower αe than the Zero motion. During the second half of the stroke,
n12 has higher αe than the Zero motion. Consequently, Fig. 5.6 shows that n12 generally
yields lower CL and CP throughout the first half of the stroke. During the second half of
the stroke, n12 at αM=25
◦ yields higher CL and CP compared to the Zero motion due
to higher αe. However, at αM=45
◦, n12 does not yield a noticeable CL increase during
the second half of the stroke despite the increase in αe. Similar to the observation for the
8U motion discussed in section 5.3.4, the difference between the αM=45
◦ and αM=25
◦
cases is likely due to the force vector generated by the αM=45
◦ wing being oriented in a
direction that is less favourable for lift generation. This is further aggravated by the fact
that θ is non-zero throughout most of the n12 motion. According to Sane and Dickinson
(2001), this results in the introduction of radial force component which is detrimental to
CL. Due to the combination of unfavourable force vector direction at high αM and the
introduction of radial force component, implementing the n12 at αM=45
◦ causes CP to
increase significantly during the second half of the stroke without benefiting CL.
Overall, the aerodynamic performance trends at αM=45
◦ (Fig. 5.8) show that n
motions cause a decrease in CL and minimal effect to CL/CP . At αM=25
◦, n motion
causes a very slight increase in CL at θ0=3
◦; further increase in θ0 results in CL decrease.
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5.3.7 OD Motion
OD motion traces an oval path, beginning with a downward elevation. It should be noted
that the downstroke of the OD motion resembles that of the U motion at half amplitude,
while its upstroke resembles that of the n motion at half amplitude. Hence, CL, CP and
flow structures from the fifth downstrokes of OD12 and U06 are compared. Likewise,
CL, CP and flow structures from the fifth upstrokes of OD12 and n06 are compared.
Figure 5.10 compares the CL and CP for the OD12, U06 and n06 motions at αM=45
◦.
It is apparent that the downstroke of OD12 results in higher CL and CP compared to
U06; conversely, the upstroke of OD12 results in lower CL and CP compared to n06.
To explain this, the flow structures of OD12 and U06 are compared at the start of fifth
downstroke (t∗=4.00, see Fig. 5.11(a)), and the flow structures of OD12 and and n06 are
compared at the start of fifth upstroke (t∗=4.50, see Fig. 5.11(b)).
Figure 5.10: Comparison of transient (a) CL and (b) CP between OD12, U06 and n06
elevating motions.
Figure 5.11(a) show that the residual U4 LEV is located above the wing for the OD12
motion, while the residual U4 LEV for the U06 motion is directly behind the wing at
t∗=4.00. During stroke reversal, the residual U4 LEV of OD12 moves past the leading-
edge of the wing, inducing an additional velocity component over the leading-edge, which
results in beneficial wing-wake interaction. Conversely, the U06 wing will encounter the
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Figure 5.11: Comparison
of the iso-surfaces of
Qˆ=−5, for (a) OD12 and
U06 at t∗=4.00, and (b)
OD12 and n06 at t∗=4.50.
View angle 1: snapshots
taken from a line of sight
30◦ above the horizontal;
View angle 2: snapshots
taken from the front of the
wing along the horizontal.
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residual U4 LEV directly after stroke reversal, which is unlikely to produce favourable
wing-wake interaction (see Lua et al., 2011). This explains why the OD12 downstroke
yields higher CL and CP compared to the U06 downstroke (Fig. 5.10) despite the simi-
larity in kinematics. Figure 5.11(b) compares the OD12 and n06 motions. For OD12, the
residual D5 LEV is directly behind the wing, which is unlikely to yield beneficial wing-
wake interaction. Conversely, the residual D5 LEV for n06 is above the wing, which
yields beneficial wing-wake interaction. This results in higher CL and CP for n06 as
shown in Fig. 5.10. Overall, the aerodynamic performance trends in Fig. 5.8 and Fig. 5.9
show that OD motions causes a significant decrease in CL with slight increase in CL/CP .
5.4 Hawkmoth Motions
The hawkmoth kinematics feature a downward elevation during the first half of the stroke
and an upward elevation during the second half of the stroke (see Fig. 5.2). Hence,
the elevating profile resembles the U motion. The transient αe profiles for hawkmoth
kinematics with different elevation magnitude are shown in Fig. 5.12(a).
From Fig. 5.12(a), it is apparent that increasing the elevation magnitude (from HM -
0.0 to HM 2.0) results in an increase in αe during the first half of each stroke (t
∗=4.00
to 4.25 and t∗=4.50 to 4.75) and a decrease in αe during the second half of each stroke
(t∗=4.25 to 4.50 and t∗=4.75 to 5.00). Unsurprisingly, increasing the elevation magnitude
causes CL and CP to increase during the first half of each stroke and decrease during the
second half (Figs. 5.12(c) and (d)).
The flow structures generated by the hawkmoth kinematics are depicted in Fig. 5.13
(downstroke) and Fig. 5.14 (upstroke). From Fig. 5.13, it is apparent that during the
downstroke, the size of D5 LEV1 at t∗=4.15 increases when the elevation magnitude
increases. This corresponds exactly to the trends in αe as seen in Fig. 5.12(a). However,
at t∗=4.25, D5 LEV1 appears to be more detached from the wing surface when elevation
magnitude increases. At t∗=4.35, D5 LEV1 for the HM 2.0 case is highly incoherent and
appears to be shedding from the wing.
During the fifth upstroke (Fig. 5.14), at t∗=4.65 and 4.75, it is apparent that U5 -
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LEV1 increases in coherence and size as elevation magnitude increases. Again, this
corresponds with the αe trend (Fig. 5.12(a)). At t
∗=4.85, the strength and coherence
of U5 LEV1 decreases as elevation magnitude increases. In particular, for HM 2.0, U5 -
LEV1 have shed completely and no new LEV is formed. This can be attributed to the
abrupt decrease in αe, which has decreased to almost 0
◦ for the case of HM 2.0 (Fig.
5.12(a)).
Figure 5.12: Details of the hawkmoth kinematics with different elevation magnitude: (a)
instantaneous αe, (b) variation of CL and CP with respect to the elevation magnitude,
(c) transient CL and (d) transient CP .
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Overall, as elevation magnitude increases for the hawkmoth kinematics, the LEV dur-
ing the first half of each stroke increases in strength. However, during the second half of
each stroke, excessively high elevation magnitude causes LEV detachment and shedding,
which significantly decreases the CL and CP generation (see Figs. 5.12(c) and (d)). As a
result, Fig. 5.12(b) shows that low elevation magnitude (HM 0.5) is slightly beneficial to
CL, but further increase in elevation magnitude is detrimental. Also, hawkmoth elevating
motion yields no benefit to CL/CP .
Figure 5.13: Iso-surfaces of Qˆ=−5 from the fifth downstroke of the hawkmoth motion at
varying elevation magnitude.
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Figure 5.14: Iso-surfaces of Qˆ=−5 from the fifth upstroke of the hawkmoth motion at
varying elevation magnitude.
5.5 Closing Remarks on Elevating Motion
Experimental and numerical studies have been conducted to study the effect of elevating
motion on the force generation and flow structure of rigid 3D flapping wings undergoing
simple harmonic motion or hawkmoth kinematics. The present work differs from earlier
studies by Sane and Dickinson (2001), Phillips and Knowles (2011) and Bos et al. (2013)
in three aspects. First, the elevating motion amplitude is varied at finer intervals to
give a clearer picture of the effect of elevating motion at low amplitudes. Second, the
effects of elevating motion is tested at both αM=45
◦ and αM=25
◦. For simple harmonic
motion, it is noted here that significant aerodynamic benefits of elevating motion are only
present for the 8U elevating motion at low αM . Third, the flow topologies from the wing
undergoing different elevating motion has been analysed. Through this method, the three
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aerodynamic mechanisms proposed by Sane and Dickinson (2001) have been observed,
namely, the alteration of αe, the introduction of radial force component and the changes
in wake capture behaviour. In this study, an additional aerodynamic mechanism has
been observed, namely, the early shedding of LEV. This mechanism occurs when there
is an abrupt downward elevation near the start of the stroke. The early shedding of the
LEV results in a significant decrease in CL.
The only elevating motions that yield significant aerodynamic benefit are the 8U03
and 8U06 motions at αM=25
◦, which increase CL by 9% and 11%, respectively, at an
insignificant cost to efficiency. The increase in lift generation for 8U motions can be
associated with the aerodynamic mechanisms of elevating motion as follows.
First, 8U alters the αe in a manner that is favourable to lift generation. Specifically,
the increase in αe occurs near the mid-stroke of the wing where the wing velocity is
high; conversely, the decrease in αe occurs near the start and the end of the stroke where
the wing velocity is low. Because lift generation scales with the square of wing velocity,
the increase in lift coefficient near the mid-stroke is very significantly; conversely, the
decrease in lift coefficient at the start and the end of the stroke is quite insignificant.
Second, the introduction of radial force component is related to elevation angle; higher
magnitude of elevation angle is associated with more significant tilting of the force vector
in the radial direction, which is detrimental to lift generation. For the 8U motion, peak
elevation angle occurs at t∗=0.125, where the wing velocity is low and lift generation
is insignificant. Conversely, during the mid-stroke, where the wing velocity is high and
lift generation is significant, the elevation angle is near zero. Hence, for 8U cases, the
overall decrease in lift generation due to the introduction of radial force component is
less significant as compared to other elevating motions, where significant elevation angles
may occur near mid-stroke. Third, unlike the 8D and U motions which undergo early
LEV shedding, the 8U motion does not cause early LEV shedding, thus retaining its
capability of high lift generation.
In terms of hovering efficiency, the 8D and U motions can increase CL/CP slightly at
a significant cost to CL. This is an unfavourable trade-off and cannot be considered an
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aerodynamic advantage.
Overall, the aerodynamic benefit of elevating motion is only present for very specific
kinematics (8U motion at low θ0 and low αM ). Considering that the implementation
of elevating motion will likely result in a heavier and more complex wing actuation
mechanism, FWMAVs that implement elevating motion may suffer from the increase in
cost, size and complexity. Ultimately, it is still dependent on the individual FWMAV








In the development of flapping wing micro air vehicles (FWMAVs), researchers are mo-
tivated to reduce the complexity of the FWMAV’s actuation system for size and weight
reduction. In doing so, the kinematics of the flapping wing will be significantly simplified
compared to the motion profiles observed on natural flyers. For example, it is a common
practice to make use of crank-based actuation mechanisms to implement the wing mo-
tion (see de Croon et al., 2012). In theory, these mechanisms yield motion profiles that
resemble sinusoidal waveforms.
Referring to the hover kinematics of some common insects such as the fruit fly, honey
bee and hawkmoth (Fig. 6.1), it is apparent that the flapping motion profile (ϕ) is
approximately sinusoidal, while the elevating motion (θ) and rotating motion (ψ) have
more complex transient profiles. The aerodynamic effects of elevating motion have been
discussed in Chapter 5 and will not be repeated here. Hence, this chapter will focus on
the rotating motion.
Figure 6.1 shows that, generally, the rotating motion profile begins with ψ ≈ 90◦ at
the start of each stroke. As the flapping stroke commences, the wing pitches down until
the minimum ψ is obtained. The wing then gradually pitches up through the mid-stroke
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Figure 6.1: Wing kinematics for the (a) fruit fly (adapted from Liu and Aono, 2009), (b)
honey bee (adapted from Liu and Aono, 2009), and (c) hawkmoth (adapted from Will-
mott and Ellington, 1997). ‘DS’ and ‘US’ refer to downstroke and upstroke, respectively.
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(0.20 < t∗ < 0.30). Near the end of the stroke, the wing pitches up rapidly until ψ ≈ 90◦.
The rotating motion determines the instantaneous α, which has a very significant effect on
CL and CD. Additionally, rotating motion can give rise to rotational lift which further
augments the lift generation (Dickinson et al., 1999). Hence, it is possible that the
complex rotating motion profiles used by actual insects have the purpose of augmenting
the aerodynamic performance. Conversely, the motion profiles may be an unintended
consequence arising from the structural properties of the wings and flight muscles. These
observations raise an interesting research question: “Does a flapping wing with a more
complex, insect-like rotating motion achieve better aerodynamic performance compared
to one undergoing a simplified rotating motion?”
This question has not been addressed directly in past literature. As highlighted in
Chapter 1, Mueller (2001) has stressed that for successful FWMAV development, there
is a need to identify the types of insect-like wing movements that are truly necessary for
efficient MAV flight. In line with Mueller’s (2001) argument, the present study aims to
address the above question by comparing the aerodynamic performance of two rotating
motion profiles. The first profile is a three-parameter simple harmonic motion (SHM).
SHM represents the type of rotating motion typically generated by simple crank-based
mechanisms. The second profile is a five-parameter profile referred to as the ‘insect-
imitating motion’ (IIM). IIM is designed to approximate the more complex rotating
motion observed on typical insects. To ensure a fair evaluation, both SHM and IIM are
optimised before their aerodynamic performances are compared.
Although numerous flapping wing kinematics optimisation studies have been con-
ducted in the past, most of the studies focus on complex kinematic profiles that aim to
approximate the motions of actual insects (see Berman and Wang, 2007; Zheng et al,
2013b; Jones and Yamaleev, 2015). Hence, these studies did not answer the research
question highlighted above as there was no comparison between simplified and complex
wing kinematics. The present results will shed light on the fundamental question of
whether complex wing kinematics is important for good aerodynamic performance. This
allows FWMAV designers to make informed decisions on whether it is more advantageous
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to implement complex insect-like motion profiles, or to utilise simplified motion profiles
for cost and weight savings.
6.1.2 Kinematics
The present optimisation study focuses on the rotating component of the wing kinematics.
A generic semi-elliptic wing (see Fig. 6.2) is subjected to flapping motions at Re=4,000.
A constant simple harmonic flapping motion profile is used (equation (6.1)) and elevating
motion is set to zero.
ϕ = 60◦ cos(2πt∗) (6.1)
Figure 6.2: Snapshots of a semi-
elliptic wing undergoing hawkmoth
hover kinematics.
SHM comprises of a sinusoidal function governed by three parameters, namely, rota-
tion amplitude (ψ0), rotation timing (τR) and mean rotation angle (ψ¯). This is given in
equation (6.2) and depicted graphically in Fig. 6.3(a). Note that τR is the offset of the
turning points of the sinusoidal profile from mid-downstroke (t∗=0.25) or mid-upstroke
(t∗=0.75).
ψ = ψ¯ − ψ0 sin (2π(t∗ − τR)) (6.2)
The IIM profile consists of linear and curved sections as shown in Fig. 6.3(b). The
linear section (broken lines in Fig. 6.3(b)) is the gradual wing rotation that occurs near
to the mid-stroke, which is defined by a non-dimensional rotational velocity given by
dψ/dt∗ = gψψ0. τR is the offset between the centre of the linear section and the mid-
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downstroke (t∗=0.25) or mid-upstroke (t∗=0.75). The curved section (solid lines in Fig.
6.3(b)) is the rapid wing rotation that occurs near the start and the end of each flapping
stroke, and is a five degree polynomial that ensures continuity in the angular displace-
ment, angular velocity and angular acceleration throughout the motion profile. The
duration of the curved section is given by ∆τR. Hence, in addition to the three param-
eters ψ0, τR and ψ¯, IIM has two more parameters ∆τR and gψ, yielding five degrees of
freedom. This allows IIM to be curve fitted to the rotating motion of actual insect wings
as shown in Fig. 6.4. Generally, except for the small inflection point near the mid-stroke
of the fruit fly motion (Fig. 6.4(a)), IIM approximates the insect rotating motions well.
Figure 6.3: The (a) SHM and (b) IIM rotating motion profiles. For IIM, broken lines
show the linear sections while solid lines show the curved sections. The gradient of the
linear sections is given by dψ/dt∗ = gψψ0.
6.2 Optimisation Approach
SHM and IIM are optimised for two difference scenarios. The first scenario is known
as the ‘efficient hover’ scenario and aims to achieve the maximum hovering efficiency
while attaining a pre-defined target lift generation. The second scenario is known as the
‘maximum lift’ scenario and aims to achieve the maximum lift generation without consid-
ering the hovering efficiency. The present optimisation approach comprises of a two-stage
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Figure 6.4: Curve fit of IIM to the (a) fruit fly, (b) honey bee and (c) hawkmoth rotating
motion profiles. The root-mean-square error (“RMS”) of the curve fit are shown in the
brackets.
procedure and is inspired by previous work on flapping wing optimisation (Berman and
Wang, 2007; Zheng et al., 2013b). In both of the above-cited studies, the first opti-
misation stage consisted of a wide parameter space search using a genetic algorithm,
followed by the second optimisation stage which comprised of a local optimisation using
the Simplex algorithm. In the above-cited studies, performance evaluation for each of the
kinematic designs considered during the optimisation procedure was conducted using a
simplified quasi-steady aerodynamic model. However, it has been established in Chapter
4 that the quasi-steady model does not consider transient events such as vortex shedding
and wing-wake interaction. Model error may also be introduced when a wing with an
unconventional planform geometry is used. Hence, the accuracy of the optimisation ap-
proach adopted in the above-cited studies was limited by the accuracy of the quasi-steady
model.
In the present study, a similar two-stage optimisation approach is adopted with some
modifications. In the first optimisation stage, the semi-empirical quasi-steady aerody-
namic model developed in Chapter 4 is coupled to a full-factorial search program to
explore a large parameters space. The extent of the parameter space, in terms of the
minimum and maximum values for each parameter, is shown in Table 6.1. The incremen-
tal increase in the parameter values between evaluations is also shown in Table 6.1. The
full-factorial search program applies the quasi-steady model to evaluate the aerodynamic
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Table 6.1: Parameter space and the increment in parameter values used in the first
optimisation stage. Also shown are the perturbation values used to generate the starting
design pool for the second optimisation stage.
ψ0 τR ψ¯ ∆τR gψ
(◦) (◦)
Minimum 20.00 -0.20 70.00 0.10 -2.50
Maximum 70.00 0.20 110.00 0.50 2.50
Increment 2.00 0.02 2.00 0.02 0.20
Perturbation -10.00 -0.05 +10.00 +0.05 +0.50
performance for every combination of parameters within the designated parameter space.
Subsequently, in the second optimisation stage, a local optimisation is carried out by
using the Simplex method (Nelder and Mead, 1965), starting from the optimum kine-
matics identified in the first optimisation stage. Unlike the earlier optimisation studies
by Berman and Wang (2007) and Zheng et al. (2013b), the second optimisation stage in
the present study uses CFD simulations instead of the quasi-steady model to evaluate
the aerodynamic performance of each design. This is a more accurate method which
compensates for the inaccuracies introduced by the use of the quasi-steady aerodynamic
model during the first optimisation stage. In the present study, the Simplex optimisa-
tion algorithm detailed in Rao (2009) is implemented. The algorithm requires a starting
design pool consisting of (n+1) kinematic designs to form the initial Simplex needed to
start the search procedure, where n refers to the number of design parameters. Here, the
starting design pool is obtained by taking the optimum kinematics proposed by the first
optimisation stage and perturbing each parameter using the perturbation values specified
in Table 6.1. This yields n additional designs, creating a total of (n+1) designs which
form the initial Simplex. The Simplex method is iterated via a series of reflection and
contraction operations with contraction coefficient of 0.75. The optimisation procedure
is assumed to be converged when the objective functions among all of the designs on the
Simplex (i.e. n number of best designs) differ by less than 1% from one another. The
outline of the present two-stage optimisation approach is shown in Fig. 6.5.
The optimisation procedure maximises the objective function, which is the numerical
representation of the optimisation objectives. The two scenarios make use of different
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Figure 6.5: Outline of the two-stage optimisation approach.
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objectives functions. For ‘efficient hover’, the kinematics are optimised to yield the maxi-
mum CL/CP while achieving a pre-defined target lift coefficient (CL,t). CL,t takes on the
CL value of the ‘reference case’, which consists of a semi-elliptic wing subjected to actual
hawkmoth kinematics at Re=4,000 (see Fig. 6.2) that yields CL,t=1.71 according to nu-
merical simulation. To incorporate this CL constraint, a penalty function is introduced.
The objective function (fO) and penalty function (fP ) for the ‘efficient hover’ scenario
are shown in equations (6.3) and (6.4). Note that fP in equation (6.4) is designed to
discourage designs that do not achieve CL,t, but allows a small compromise in CL if a









1 , CL ≥ CL,t(
CL/CL,t
)2
, CL < CL,t
(6.4)
Conversely, in the ‘maximum lift’ scenario, the kinematics are optimised for maximum
lift generation without considering efficiency. This is achieved by setting fO=CL.
6.3 Optimisation Convergence
The first optimisation stage uses the quasi-steady model to evaluate a wide parameter
space based on Table 6.1 while the second optimisation stage couples the Simplex search
algorithm and CFD simulations to bring the results to the true optimum. The conver-
gence of the objective function (fO) during the second optimisation stage is depicted
graphically in Fig. 6.6. The optimum kinematic parameters obtained from this second
optimisation stage and the corresponding performance metrics are shown in Table 6.2.
Table 6.2 shows that the kinematic profiles optimised for ‘efficient hover’ tend to yield
CL close to the target CL,t=1.71. This observation is consistent with earlier studies by
Berman and Wang (2007) and Zheng et al. (2013b) who noted that optimising the flap-
ping wing kinematics for efficiency tends towards the lowest amount of lift generation
permitted by the optimisation procedure.
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Figure 6.6: Convergence
of fO during the second
optimisation stage.
Table 6.2: Parameters and performance metrics of the optimum kinematics.
Design parameters Performance
Case ψ0 τR ψ¯ ∆τR gψ CL CL/CP
(◦) (◦)
SHM, efficient hover 64.9 -0.024 89.8 – – 1.70 0.99
IIM, efficient hover 58.9 -0.030 89.2 0.206 -0.133 1.69 1.09
SHM, maximum lift 45.1 -0.055 89.5 – – 2.06 0.58
IIM, maximum lift 42.3 -0.035 89.4 0.113 2.005 2.14 0.62
6.4 Efficient Hover Scenario
The SHM and IIM profiles optimised for ‘efficient hover’ are shown in Fig. 6.7(a).
According to Table 6.2, the optimum SHM and IIM feature moderately high value
of ψ0 ≈ 60◦, slight advanced rotation (τR=−0.024 to −0.030) and nearly symmetric
downstroke/upstroke (ψ¯ ≈ 90◦). Also, the optimum IIM has a moderate rotation du-
ration (∆τR=0.206) and an insignificant pitching down motion throughout mid-stroke
(gψ=−0.133), giving rise to an IIM profile that is almost trapezoidal (Fig. 6.7(a)).
The parameters of the optimum kinematics are generally consistent with past results
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in literature. For ψ0, past studies have reported that maximum efficiency is typically
obtained when ψ0 ranges from 60
◦ to 71◦ (see Sane and Dickinson, 2001; Zheng et al.,
2013b; Jones and Yamaleev, 2015). The present results of ψ0=64.9
◦ and 58.9◦ for SHM
and IIM are quite comparable to the above-cited results. In terms of τR, the present
results of τR=−0.024 and τR=−0.030 for SHM and IIM are consistent with the Ansari
et al. (2008), who reported that optimum efficiency is obtained at τR ≈ −0.025. Addi-
tionally, ψ¯ ≈ 90◦ is optimum, which indicates that asymmetry between the downstroke
and upstroke is detrimental to aerodynamic performance. This is consistent with Zhu
and Zhou (2014). Also, optimum IIM features a short rotation duration (∆τR=0.206),
which is consistent with Sane and Dickinson (2001), Nagai and Isogai (2011) and Bos et
al. (2013) who reported that a shorter rotation duration is beneficial to lift generation
and efficiency.
Transient CL and CP obtained from the fifth downstroke of the optimum SHM and
IIM are compared in Figs. 6.7(b) and (c). Only the downstroke is shown here due to
the symmetry between the downstroke and the upstroke. Both CFD and experimental
measurements are shown and there is good agreement between the results. At the start
of the stroke (t∗=4.00 to 4.10), SHM has higher ψ and therefore higher α than IIM (Fig.
6.7(a)). As a result, SHM generates higher CL and CP (Figs. 6.7(b) and (c)). Thereafter,
from t∗=4.10 to 4.25, IIM generates higher CL and CP than SHM. The reason behind
this difference can be identified by referring to the vortex structures shown in Fig. 6.8.
Figure 6.8 shows the vortex structures near the wing during the fifth downstroke. ‘D5’
refers the vortex structures generated during the fifth downstroke while ‘U4’ refers to the
residual vortices from the fourth upstroke. The leading-edge vortex, trailing-edge vortex,
tip vortex and root vortex are referred to as ‘LEV’, ‘TEV’, ‘TV’ and ‘RV’, respectively.
From Fig. 6.8(a), at t∗=4.15, it is apparent that D5 LEV generated by SHM is undergoing
partial LEV shedding near the wing tip. In contrast, D5 LEV generated by IIM is more
stable at t∗=4.15. The contours of normalised pressure (pˆ) in Fig. 6.8(b) show that, as a
consequence of the partial LEV shedding, the low pressure region of SHM is weaker than
that of IIM at t∗=4.15 and 4.25. The observations in Fig. 6.8 explain why IIM generates
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Figure 6.7: (a) Optimum SHM and IIM profiles for ‘efficient hover’, and the corresponding
(b) CL and (c) CP obtained from CFD and experiments.
higher CL and CP than SHM from t
∗=4.10 to 4.25 as shown in Figs. 6.7(b) and (c).
Returning to the transient CL and CP trends in Figs. 6.7(b) and (c), it is apparent
that SHM generates higher CL and CP from t
∗=4.25 to 4.40. This is likely due to
SHM having a higher ψ and therefore higher α. Additionally, SHM is pitching up from
t∗=4.25 to 4.40 (see Fig. 6.7(a)), which generates rotational lift. At the end of the stroke
(t∗=4.40 to 4.50), IIM has higher CL and CP than SHM (Figs. 6.7(b) and (c)). This can
be attributed to the rapid pitching up motion of IIM at the end of the stroke as shown
in Fig. 6.7(a).
Despite the difference in transient CL, SHM and IIM optimised for ‘efficient hover’
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Figure 6.8: (a) Iso-surfaces of Qˆ=−5 and (b) contours of pˆ from the fifth downstrokes of
SHM and IIM optimised for ‘efficient hover’.
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yield almost identical values of CL (1.70 and 1.69 for SHM and IIM, respectively). Taking
a closer look at Fig. 6.7(b), it is apparent that the higher CL generation of IIM from
t∗=4.10 to 4.25 is counter-acted by the higher CL generation of SHM from t
∗=4.25 to
4.40, yielding almost identical CL.
In terms of CP , Fig. 6.7(c) shows that IIM incurs higher CP from t
∗=4.10 to 4.25.
From t∗=4.25 to 4.40, SHM incurs significantly higher CP than IIM. This significant
increase in CP is due to SHM having very high values α from t
∗=4.25 to 4.40 (Fig.
6.7(a)), which generates excessive aerodynamic drag. In contrast, IIM avoids this high
drag region by confining the wing rotation to a short duration near the end of the stroke
(Fig. 6.7(a)). As a result, CP for SHM and IIM are 1.72 and 1.56, respectively, yielding
CL/CP of 0.99 and 1.09 for SHM and IIM, respectively.
Taken as a whole, IIM outperforms SHM by 9% in terms of hovering efficiency when
the two motions are optimised to yield almost identical lift generation. Both cases out-
perform the ‘reference case’ (semi-elliptic wing undergoing hawkmoth kinematics), which
has CL/CP=0.84. Results of the present optimisation study also indicate that a shorter
rotation duration is desirable so that the high α, high drag region that occurs during
wing rotation is confined to a short duration near the end of the stroke. The shorter
rotation duration of the IIM is also associated with a more stable LEV.
6.5 Maximum Lift Scenario
SHM and IIM profiles optimised for the ‘maximum lift’ scenario are shown in Fig. 6.9(a).
According to Table 6.2, SHM and IIM optimised for ‘maximum lift’ feature slight ad-
vanced rotation (τR=−0.055 and −0.035) and almost symmetric downstroke/upstroke
(ψ ≈ 90◦) — these characteristics are similar to the profiles optimised for ‘efficient hover’.
However, the remaining ‘maximum lift’ parameters show considerable difference from the
‘efficient hover’ parameters. Specifically, SHM and IIM optimised for ‘maximum lift’ have
ψ0=45.1
◦ and 42.3◦, which are considerably lower than the optimum ψ0 for the ‘efficient
hover’ scenario. The present values of optimum ψ0 are consistent with earlier findings
by Sane and Dickinson (2001), Wu and Sun (2004) and Bos et al. (2013), who reported
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that lift generation is maximised when ψ0 ≈ 45◦. Also, it should be noted that IIM for
‘maximum lift’ shows a very significant pitching up motion throughout the mid-stroke
(gψ=2.005) and a very short rotation duration with ∆τR=0.113 (see Fig. 6.9(a)).
Figure 6.9: (a) Optimum SHM and IIM profiles for ‘maximum lift’ and (b) the corre-
sponding CL obtained from CFD and experiments.
Figure 6.9(b) shows the transient CL from the fifth downstroke of SHM and IIM
optimised for ‘maximum lift’. Both CFD and experimental results are shown. Apart
from some slight differences in the small scale oscillations, the CFD and experimental
results are generally in reasonable agreement. Unlike the ‘efficient hover’ scenario shown
earlier in Fig. 6.7(b), where SHM and IIM show distinct CL trends, the CL trends for
SHM and IIM under the ‘maximum lift’ scenario are almost overlapping (Fig. 6.9(b)).
Figure 6.9(b) shows that, from t∗=4.10 to 4.25, IIM generally yields slightly higher CL
than SHM. The reason behind this difference can be understood by referring to the vortex
structures shown in Fig. 6.10. Similar to the ‘efficient hover’ scenario, Fig. 6.10 shows
that SHM optimised for ‘maximum lift’ undergoes partial LEV shedding near the wing
tip near t∗=4.15, while the LEV structures for IIM optimised for ‘maximum lift’ is more
coherent. This allows IIM to generate higher CL from t
∗=4.10 to 4.25. Subsequently,
SHM generates marginally higher CL than IIM from t
∗=4.25 to 4.30 (Fig. 6.9(b)) due to
the higher α and the rotational lift generated by the pitching up motoin (see Fig. 6.9(a)).
Overall, SHM and IIM optimised for ‘maximum lift’ yields CL=2.06 and 2.14, respec-
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Figure 6.10: Iso-surfaces of Qˆ=−5 at t∗=4.15, taken from SHM and IIM optimised for
‘maximum lift’.
tively. Hence, IIM yields 4% higher lift generation than SHM when both motion profiles
are optimised for high lift generation. This can be attributed to the more stable LEV
generated by IIM. Additionally, IIM undergoes pitching up motion throughout most of
the flapping stroke (see Fig. 6.9(a)), which may have contributed a small amount of ro-
tational lift. Interestingly, the rotating motion profiles of actual insects (see Fig. 6.1)
also feature this pitching up motion near the mid-stroke, although at a lower magnitude
compared to the optimised IIM profile shown in Fig. 6.9(a).
6.6 Breakdown of Lift Contribution
In section 6.5, it is apparent that when IIM is optimised for the ‘maximum lift’ scenario,
the wing undergoes a pitching up motion throughout most of the flapping stroke (Fig.
6.9(a)). The pitching up motion may have the purpose of augmenting lift generation via
rotational lift. This hypothesis can be tested by utilising the quasi-steady model, which
computes the translational, rotational and added mass forces using separate equations
(see Chapter 4). Here, the quasi-steady model is applied to each of the optimum kine-
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matics to compute the relative contribution of translational force, rotational force and
added mass force to the overall lift generation.
The quasi-steady modelling results for the SHM and IIM profiles optimised for ‘effi-
cient hover’ and ‘maximum lift’ are shown in Fig. 6.11. Due to the symmetry between
the downstrokes and upstrokes, only the downstroke results are shown. It is apparent
that translational force is the dominant lift-generating component while rotational and
added mass forces contribute small, positive lift generation.
Figure 6.11: Transient contribution of translational (‘Tran’), rotational (‘Rot’) and added
mass (‘AM’) forces to CL for (a) SHM and (b) IIM optimised for ‘efficient hover’, along
with (c) SHM and (d) IIM optimised for ‘maximum lift’. The percentage values indicate
the percentage contribution of each force component to the overall CL.
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Figure 6.11 shows that rotational forces yield positive contribution to CL for all of
the four optimised cases. This is because the positive rotational lift generated by the
pitching up motion during the second half of the stroke has marginally higher magnitude
than the negative rotational lift generated by the pitching down motion during the first
half of the stroke. This observation can be attributed to the optimised motions having a
slightly advanced rotation, which has two effects on the rotational lift. During the first
half of the stroke, advanced rotation causes the pitching down motion to occur nearer to
the start of the stroke where flapping velocity is low. According to Sane and Dickinson
(2002), rotational lift is a function of both flapping and rotating velocities. Hence, by
causing the pitching down motion during the first half of the stroke to occur at lower
flapping velocity, advanced rotation reduces the generation of negative rotational lift.
During the second half of the stroke, advanced rotation causes the pitching up motion
to occur nearer to the mid-stroke where flapping velocity is high, which increases the
generation of positive rotational lift. As a result, the overall contribution of rotational
forces to CL is positive.
In terms of the contribution of rotational force to lift generation, Fig. 6.11(b) shows
that the IIM profile optimised for ‘efficient hover’ makes little use of rotational force
for lift generation (2%), but the IIM profile optimised for ‘maximum lift’ (Fig. 6.11(d))
utilises higher amount of rotational force for lift generation (4.7%). This shows that
while rotational force can increase lift generation, the use of rotational force is avoided
when hovering efficiency is a primary concern. Conversely, both SHM profiles make little
use of rotational force for lift generation (Figs. 6.11(a) and (c)). It appears that the
simplified SHM profile does not have sufficient degree-of-freedom to create the types of
motion needed to utilise rotational lift.
Taking a closer look at the added mass force, Fig. 6.11 indicates that added mass yields
positive contribution to CL for all four optimised cases. This is because the first half of
the stroke yields higher positive contribution to CL than the negative contribution from
the second half of the stroke. Similar to the rotational force, the positive contribution of
added mass force can be attributed to the advanced rotation. This can be understood
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Figure 6.12: The added mass force vector (‘Fa’) at the start (left column) and the end
(right column) of the flapping stroke. Shown here are examples of flapping motions with
symmetric rotation (top row) and advanced rotation (bottom row).
by referring to the schematic drawings in Fig. 6.12, where the added mass force vector
(‘Fa’) acting at the start and the end of flapping strokes with symmetric and advanced
rotations are depicted. Note that Fa always acts normal to the wing and in the direction
opposite to the acceleration. In Fig. 6.12, it is apparent that when advanced rotation is
applied, the added mass force vector at the start of the stroke is more aligned towards
the lift direction. This increases the contribution of added mass force to CL during the
first half of the stroke. Also, Fig. 6.12 shows that at the end of the stroke, advanced
rotation causes the added mass force vector to be tilted towards the positive lift direction.
This decreases the negative contribution of added mass force to CL during the second
half of the stroke. Since the optimised kinematics feature advanced rotation, the overall
contribution of added mass force to CL is positive.
Overall, Figs. 6.11(a) and (b) show that for both SHM and IIM optimised for ‘efficient
hover’, added mass force contributes to no more than 3% of total CL. In contrast, for
SHM and IIM optimised for ‘maximum lift’ (Figs. 6.11(c) and (d)), added mass force
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contributes to more than 5% of total CL. This suggests that, like the rotational force,
the use of added mass force for lift generation is avoided when hovering efficiency is a
major concern. This implies that both rotational and added mass forces are valid but
inefficient means of lift generation.
6.7 Contribution of Secondary Motion to Aerodynamic Per-
formance
The preceding sections have demonstrated the role of complex rotating motion for efficient
lift generation for a flapping wing in hover. One interesting subject for investigation is
whether secondary motions, i.e. elevating motion (discussed in chapter 5) and complex
rotation, play crucial roles in the aerodynamic performance of flying insects. To address
this subject, CL and CL/CP for a fruit fly wing undergoing three different motions
have been obtained from CFD. The first motion is the actual fruit fly kinematics (see
Fig. 3.8(a)). The second motion is the fruit fly kinematics without elevating motion
(i.e. θ=0◦). The third motion is the fruit fly kinematics without elevating motion and
with simplified rotating motion. Here, simplified rotating motion is obtained by taking
only the first term of the Fourier series fitted to the rotating component of the fruit fly
kinematics. This yields a sinusoidal rotating motion.
The analysis above is repeated for the fruit fly, honeybee and hawkmoth cases at the
appropriate Re (Re=100, 1, 000 and 4, 000, respectively). CL and CL/CP results are
shown in Fig. 6.13. For the fruit fly case (Fig. 6.13(a)), setting the elevating motion to
zero decreases CL and CL/CP by 10% and 12%, respectively. It is interesting to note that
elevating motion confers significant aerodynamic advantage to the fruit fly. This is due to
the fact that elevating motion increases αe of the fruit fly motion noticeably throughout
most of the stroke. Because the geometric α of the fruit fly motion reaches relatively
low values near the mid-stroke (α ≈ 30◦, see Fig. 3.8(a)), this increase in αe causes a
significant increase in CL. Conversely, further simplification of the fruit fly kinematics
by adopting a simplified rotating motion decreases CL by 11%, which indicates that a
more complex rotating motion plays an important role in the lift generation of the fruit
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fly.
Figure 6.13: Aerodynamic performance for the (a) fruit fly, (b) honeybee and (c) hawk-
moth cases obtained with and without secondary motions.
For the honeybee case (Fig. 6.13(b)), setting elevating motion to zero increases CL
and CL/CP by 9% and 7%, respectively. However, adopting simplified rotating motion
decreases both CL and CL/CP by 6%. For the hawkmoth case (Fig. 6.13(c)), setting
elevating motion to zero has insignificant effect to CL and CL/CP , while simplifying the
rotating motion causes CL to decrease by 6%. These results are consistent with the
findings in chapter 5 and the preceding sections 6.4 and 6.5, where it is reported that
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elevating motion usually confers little aerodynamic benefits and that complex rotating
motion plays a significant role in efficient lift generation.
6.8 Closing Remarks on Rotating Motion
This study aims to identify whether a flapping wing with a more complex rotating mo-
tion achieves better aerodynamic performance compared to a wing undergoing simplified
rotating motion. This information is useful to FWMAV designers to decide whether it is
desirable to implement complex insect-like motion profiles or to utilise simplified motions
for cost and weight reductions.
Two rotating motion profiles have been tested, and they are the simple harmonic
motion (SHM) and the insect-imitating motion (IIM). SHM is a three-parameter sinu-
soidal function that approximates the type of motion generated by simple crank-based
mechanisms. Conversely, IIM is a five-parameter piecewise polynomial function that is
able to approximate the rotating motion of several insect types. Both SHM and IIM
are optimised for two flight scenarios, namely the efficient hovering and maximum lift
generation scenarios.
For the efficient hovering scenario, IIM yields 9% higher efficiency than SHM while
achieving almost identical lift generation. The lower efficiency of SHM is attributed to
the less stable LEV which undergoes partial shedding when the wing is pitching down
during the first half of the stroke. SHM also undergoes a high α, high drag phase due
to wing rotation during the second half of the flapping stroke, which is detrimental to
efficiency. In contrast, the additional degrees of freedom in the rotating motion allow
IIM to achieve more ideal wing motions that yield more stable LEVs. Additionally, IIM
is able to confine the wing rotation to a short duration near the end of the flapping
stroke, which minimises drag generation. For the maximum lift generation scenario, IIM
generates 4% higher lift coefficient compared to SHM. This can be attributed to the more
stable LEV and additional rotational lift generated by IIM.
When the overall lift force is separated into the translational, rotational and added
mass force components, it is apparent that translational force contributes to more than
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90% of mean lift generation for all of the four cases considered. For efficient hover, SHM
and IIM make minimal use of rotational and added mass forces for lift generation; while
IIM optimised for maximum lift makes higher use of rotational and added mass forces for
lift generation. This suggests that the translational force, which arises mainly from the
attached LEV, is the most efficient method of lift generation. Conversely, rotational and
added mass forces are valid but inefficient methods of augmenting the lift generation.
In summary, a more complex rotating motion does allow a flapping wing to achieve
moderate improvements in aerodynamic performance compared to an identical wing un-
dergoing simplified rotating motion. Hence, FWMAV designers need to decide whether
this enhancement in aerodynamic performance justifies the increased complexity, weight
and cost of the actuation mechanism, which needs to be evaluated on a case-by-case basis
based on the mission objectives and the available resources.
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Chapter 7
Water Treading Motion for Flap-
ping Wings
7.1 Introduction
The preceding Chapters 5 and 6 have demonstrated that FWMAVs may forgo some kine-
matic features of the flapping motions employed by natural flyers and still achieve good
flight performance. This leads to the question of whether there exists an alternative flap-
ping motion that offers improved performance over the wing motion typically employed
by flying insects. Wang (2004) classified the wing kinematics of hovering insects into
two categories, namely, normal hovering motion (NH) and dragonfly hovering motion
(DH). NH is the most common motion profile adopted by insects and it is characterised
by roughly symmetric strokes along a horizontal stroke plane. The fruit fly, honey bee
and hawkmoth motions shown in Fig. 6.1 are examples of NH. The DH profile, observed
on dragonflies and hoverflies, is characterised by asymmetric strokes along an inclined
stroke plane. For both NH and DH, the wing begins each flapping stroke at a relatively
high α (≈ 90◦) relative to the stroke plane. During the first half of each stroke, the wing
accelerates and pitches down relative to the stroke plane. During the second half of each
stroke, the wing decelerates and pitches up. This characteristic is shown schematically
in Fig. 7.1(a), where the cross-sections of a wing undergoing NH is depicted.
Alternatively, some researchers have studied a different type of wing motion known
as the water treading motion (WT). WT originated from aquatic propulsion (Tang et al.,
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Figure 7.1: Schematic drawing of the cross-sections of wings undergoing (a) normal
hovering and (b) water treading motions.
2008). The schematics of WT is shown in Fig. 7.1(b). Unlike NH, WT begins each stroke
with the wing almost parallel to the stroke plane. During the first half of each stroke,
the wing accelerates and pitches up to attain positive α. During the second half of each
stroke, the wing decelerates and pitches down. WT was first investigated experimentally
by Freymuth (1990), then numerically by Tang et al. (2008) for 2D flapping foils. 2D
simulation results by Tang et al. (2008) show that WT generates higher lift and lower drag
compared to NH at Re=100. Isaac et al. (2008) also conducted a limited 3D study on WT
(referred to as ‘LE/TE switching’ in their paper) and reported that LE/TE switching
does not degrade the aerodynamic performance compared to more conventional insect-
like hovering motions.
A more comprehensive study on WT motions in 3D at Re=147 have been conducted
by Bai et al. (2007; 2009), where the performance of a ‘new bionic flapping motion’
(Bai et al., 2007), which is also called the ‘pitching-down flapping motion’ (Bai et al.,
2009), is evaluated via CFD. A closer inspection shows that these motions are essentially
similar to Freymuth’s (1990) water treading motion. Bai et al. (2007; 2009) reported that
WT could generate similar lift as NH while requiring less power input. However, their
studies compared force and power coefficients only and detailed flow structures were not
discussed.
Because FWMAVs have fundamentally different wing actuation mechanisms com-
pared to the flight muscles of flying insects, FWMAVs are not confined to undergoing
the same type of wing kinematics as those observed on flying insects. Based on the
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above-cited results, the WT motions tend to generate higher lift at lower drag and may
be an efficient means of lift generation for FWMAVs. However, some aspects of WT
remain unclear. Firstly, the earlier study of 3D WT motion by Bai et al. (2007; 2009)
was limited to direct comparison between NH and WT for three cases only. Secondly,
the vortex structures and aerodynamic mechanisms generated by 3D WT motions have
not been investigated in detail before. This study aims to address the issues above by
conducting a wider parametric study where the aerodynamic performance and flow struc-




This study focuses on the rotating motion without the elevating motion, and the flapping
motion is restricted to a simple harmonic profile as shown in equation (7.1). The ψ profiles
for NH and WT are shown in Fig. 7.2. Each ψ profile consists of two constant ψ sections
joined by sinusoidal curves. Both NH and WT are governed by three parameters, namely,
mid-stroke angle of attack (αM ), rotation duration (∆τR) and rotation timing (τR) as
shown in Fig. 7.2. Note that the downstrokes and upstrokes are always symmetrical.
ϕ = 60◦ cos(2πt∗) (7.1)
Five series of tests are conducted for NH and WT. The kinematic parameters used
in the tests are shown in Table 7.1. Series 1 investigates the effects of αM . Series 2 and
3 are designed to study the effects of ∆τR at αM=45
◦ and 25◦, respectively, while Series
4 and 5 are designed to study the effects of τR at α=45
◦ and 25◦, respectively.
7.2.2 Experiments and CFD
Force and moment measurements are conducted to obtain the aerodynamic performance
for the motions depicted in Table 7.1. The wing model is the semi-elliptic wing (see Fig.
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Figure 7.2: ψ profile for (a) normal hovering and (b) water treading motions. Broken
lines show the constant ψ sections while solid lines show the sinusoidal curves. ∆τR is
measured from the start to the end of the sinusoidal curve. τR is the offset from the
centre of the constant ψ section to mid-downstroke (t∗=0.25) or mid-upstroke (t∗=0.75).
Table 7.1: Kinematic parameters for the five series of tests.
Series αM ∆τR τR
(◦)
1 15, 25, 35, 45, 55,
65, 75
0.3 0.00
2 45 0.1, 0.2, 0.3, 0.4, 0.5 0.00
3 25 0.1, 0.2, 0.3, 0.4, 0.5 0.00
4 45 0.3 −0.15, −0.10, −0.05, 0.00,
+0.05, +0.10, +0.15
5 25 0.3 −0.15, −0.10, −0.05, 0.00,
+0.05, +0.10, +0.15
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3.3 in section 3.1.1) with semi-major axis and semi-minor axis of 250 mm and 49 mm,
respectively. To ascertain the performance of NH and WT across a large range of length
scales, the experiments are conducted at Re=100 and Re=4,000. For the Re=100 ex-
periments, the working solution is a water-glycerine mixture with ρ=1216 kg m−3 and
ν=134 mm2 s−1; f=0.1817 s−1 is implemented to obtain the target Re=100. For the
Re=4,000 experiments, the mixture is diluted to yield ρ=1093 kg m−3 and ν=3.68mm2 s−1;
f=0.1994 s−1 is implemented to obtain the target Re=4,000. From the experimental
measurements, CL and CL/CP are computed and used as the measures of lift generation
and hovering efficiency, respectively. CFD simulations are conducted to obtain the tran-
sient CL and CP trends. The vortex structures are visualised by plotting the iso-surfaces
of Qˆ=−5 from the simulations of NH and WT motions.
7.3 Effect of α on Force Generation
Before discussing the results, it is important to first consider the effects of instantaneous
α on the lift and drag generation over a 3D flapping wing. According to Sane and
Dickinson (2002), CL and CD are sinusoidal functions of α as shown in Fig. 7.3. Based
on Fig. 7.3, the α range is classified into three configurations. When α < 30◦, both CL
and CD are low and this is referred to as the ‘low lift, low drag’ configuration. When
30◦ < α < 60◦, CL is near maximum and this is referred to as the ‘high lift, moderate
drag’ configuration. When α > 60◦, the wing generates low CL but high CD and this
Figure 7.3: Variation of CL and CD as
functions of α, adapted from Sane and
Dickinson (2002).
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is known as the ‘low lift, high drag’ configuration. As to which α configuration that
the wing passes through during the motion plays an important role in determining the
performance of each motion. Additionally, the rotating motion can also affect force
generation via rotational lift (Dickinson et al., 1999).
7.4 Effect of αM
The aerodynamic performance of Series 1 NH and WT motions at Re=4,000 are shown
in Fig. 7.4. Figure 7.4(a) shows that CL increases with αM until the maximum CL is
achieved at approximately αM=45
◦ and 55◦ for NH and WT, respectively. The NH
trends are consistent with existing literature (Sane and Dickinson, 2001; Wu and Sun,
2004; Bos et al., 2013). The initial increase in CL can be attributed to the increase in
LEV strength as αM increases. When αM > 55
◦, the wing angle is excessively high and
the force vector is tilted more towards the drag direction. This results in a decrease in
CL (Fig. 7.4(a)) and an increase in CP , which causes a decrease in CL/CP (Fig. 7.4(b)).
Figure 7.4: (a) CL and (b) CL/CP from Series 1 experiments and simulations conducted
at Re=4,000.
At the low αM ≤ 25◦ region, WT has a higher CL/CP than NH while achieving
almost identical values of CL. Conversely, at the high αM > 25
◦ region, WT achieves
higher CL and slightly higher CL/CP compared to NH. Hence, WT is consistently more
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efficient than NH and also yields higher lift generation when αM > 25
◦ within Series 1. To
investigate why NH and WT yield different aerodynamic performance, the instantaneous
α, CL and CP for NH and WT motions at αM=25
◦ and 45◦ are shown in Fig. 7.5.
Only the results of the fifth downstroke are shown due to the symmetry between the
downstroke and the upstroke.
Focusing first on the αM=25
◦ case, Fig. 7.5(a) shows that near the start of the stroke
(t∗=4.00 to 4.05), NH is in the low lift, high drag α configuration while WT is in the
low lift, low drag α configuration. Consequently, the CL values are almost identical but
NH incurs noticeably higher CP than WT (Figs. 7.5(b) and (c)). Subsequently, Fig.
7.5(a) shows that from t∗=4.05 to 4.15, NH pitches down into the high lift, moderate
drag α configuration, followed by the low lift, low drag α configuration. However, despite
entering the high lift, moderate drag configuration, NH has a decreasing CL and CP trend
from t∗=4.05 to 4.10 (Figs. 7.5(b) and (c)). Conversely, WT pitches up from t∗=4.05 to
4.15 (Fig. 7.5(a)) and shows a gradual increase in CL and CP (Figs. 7.5(b) and (c)). The
reason behind this difference is investigated by looking at the vortex structures shown in
Fig. 7.6.
Figure 7.6 shows the vortex structures during the fifth downstroke (‘D5’), which also
contains residual vortices from the fourth upstroke (‘U4’). Although a complex system
of vortices are generated, only the leading-edge vortices (LEV) are annotated to improve
the clarity for the present discussion. It is apparent from Fig. 7.6(a) that the initial
LEV from the αM=25
◦ NH motion (D5 LEV1) is shedding from the wing at t∗=4.10.
Concurrently, a new D5 LEV2 is formed near the leading-edge. In contrast, for the
αM=25
◦ WT motion, D5 LEV1 grows gradually and no LEV shedding occurs. Due to
the shedding of the initial D5 LEV1, the αM=25
◦ NH motion encounters a drop in CL
and CP from t
∗=4.05 to 4.10 (Figs. 7.5 (b) and (c)). Subsequently, the new D5 LEV2
forms and develops, hence, CL and CP of the αM=25
◦ NH motion begin to increase after
t∗=4.10. Conversely, the αM=25
◦ WT motion has a stable D5 LEV1, hence, CL and CP
increase continually from t∗=4.00 to 4.25.
Thereafter, from t∗=4.25 to 4.35, both NH and WT at αM=25
◦ generate similar
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Figure 7.5: Instantaneous α (top row), CL (middle row) and CP (bottom row) from NH
and WT motions at αM=25
◦ (left column) and 45◦ (right column), obtained from Series
1 simulations conducted at Re=4,000. ‘LL, LD’, ‘HL, MD’ and ‘LL, HD’ refer to the low
lift, low drag; high lift, moderate drag; and low lift, high drag configurations, respectively
(see Fig. 7.3 for definition of the configurations).
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Figure 7.6: Iso-surface of Qˆ=−5 at t∗=4.10 and 4.15 for NH and WT at (a) αM=25◦
and (b) 45◦.
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magnitudes of CL and CP (Figs. 7.5(b) and (c)). Near the end of the stroke (t
∗=4.35
to 4.50), NH pitches up and enters the high lift, moderate drag α configuration, followed
by the low lift, high drag α configuration as depicted in Fig. 7.5(a). Concurrently, WT
pitches down and remains in the low lift, low drag α configuration. As a consequence
of both the α configuration and positive rotational lift, NH generates higher CL and CP
than WT (Figs. 7.5(b) and (c)).
Moving on to the αM=45
◦ cases, a similar trend can be observed. During the first half
of the stroke (t∗=4.00 to 4.25), WT generally yields higher CL than NH (Fig. 7.5(e)), and
the vortex structures in Fig. 7.6(b) show that this can be attributed to the more stable
D5 LEV1 generated by WT. In contrast, NH shows partial shedding of the D5 LEV1
near the wing tip which decreases CL. During the second half of the stroke (t
∗=4.25 to
4.50), NH yields higher CL than WT (Fig. 7.5(e)) due to the pitching up motion (Fig.
7.5(d)) which generates positive rotational lift. In terms of CP , NH incurs higher CP than
WT near the start and the end of the stroke (Fig. 7.5(f)) due to its low lift, high drag
α configuration near the start and the end of the stroke (Fig. 7.5(d)). From t∗=4.10 to
4.20, the partial D5 LEV1 shedding causes NH to incur lower CP than WT (Fig. 7.5(f)).
Overall, WT generates higher CL during the first half of the stroke due to LEV sta-
bility while NH generates higher CL during the second half of the stroke due to rotational
lift (Fig. 7.5(b)). As αM increases, the LEV becomes a more dominant lift generating
mechanism compared to rotational lift. Consequently, WT has almost identical CL as
NH at αM=25
◦ but achieves higher CL than NH at αM=45
◦ (Fig. 7.4(a)). In terms of
CP , NH tends to incur higher CP than WT due to NH entering the low lift, high drag
α configuration at the start and the end of each stroke. In contrast, WT avoids this
unfavourable configuration. Hence, WT is more efficient than NH as indicated by the
CL/CP trends in Fig. 7.4(b).
7.5 Effect of ∆τR
The effect of rotation duration (∆τR) on the aerodynamic performance of NH and WT
at Re=4,000 is depicted in Fig. 7.7. Figs. 7.7(a) and (b) show the CL and CL/CP from
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Series 2 where ∆τR is varied at αM=45
◦, while Figs. 7.7(c) and (d) show the CL and
CL/CP from Series 3 where αM=25
◦.
Focusing first on the Series 2 (αM=45
◦) results, Fig. 7.7(a) shows that for both NH
andWT, CL decreases as ∆τR increases. Figure 7.7(b) shows that CL/CP of NH decreases
when ∆τR increases while WT has the opposite trend. The CL and CL/CP trends for
the αM=45
◦ NH motions agree with past results by Sane and Dickinson (2001), Nagai
and Isogai (2011) and Bos et al. (2013). The reason behind the different trends shown
by NH and WT can be identified by looking at the instantaneous α shown in Fig. 7.8(a)
and (b). For the αM=45
◦ NH motion, it is apparent that as ∆τR increases, NH spends
a shorter duration at the high lift, moderate drag α configuration, which is indicated
by the shaded region in Fig. 7.8(a). Instead, NH spends a longer duration at the low
lift, high drag α configuration as ∆τR increases. Consequently, the overall lift generation
is decreased while the drag generation is increased, resulting in a decrease in CL (Fig.
7.7(a)) and an increase in CP as ∆τR increases. Hence, CL/CP has a decreasing trend as
shown in Fig. 7.7(b). Conversely, Fig. 7.8(b) shows that as ∆τR increases, WT spends a
shorter duration at the high lift, moderate drag α configuration (shaded region in Fig.
7.8(b)) and a longer duration in the low lift, low drag α configuration. As a result, an
increase in ∆τR decreases CL (Fig. 7.7(a)) and significantly decreases CP , resulting an
increase in CL/CP as shown in Fig. 7.7(b).
Series 3 investigates the effects of ∆τR at αM=25
◦ and the CL and CL/CP results
are shown in Figs. 7.7(c) and (d), respectively. Generally, the effect of ∆τR on WT
at αM=25
◦ is similar to that at αM=45
◦. However, a comparison of Fig. 7.7(a) and
(c) indicates that NH at αM=25
◦ has an increasing CL trend (in constrast to that at
αM=45
◦). The reason behind this can be understood by referring to the instantaneous α
for the αM=25
◦ NH motion as shown in Fig. 7.8(c). It is apparent that as ∆τR increases,
the NH motion spends a longer duration in the high lift, moderate drag α configuration
(shaded region in Fig. 7.8(c)); conversely, at the low value of ∆τR=0.1, the wing pass
through the high lift, moderate drag α configuration rapidly. Hence, at higher ∆τR, the
αM=25
◦ NH motion tends to yield higher CL (Fig. 7.7(c)) and higher drag, which results
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Figure 7.7: CL (left column) and CL/CP (right column) from Series 2 (top row) and
Series 3 (bottom row) experiments and simulations conducted at Re=4,000.
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Figure 7.8: Instantaneous α for NH (left column) and WT (right column) with varying
∆τR for Series 2 (top row) and Series 3 (bottom row) tests. ‘LL, LD’, ‘HL, MD’ and
‘LL, HD’ refer the the low lift, low drag; high lift, moderate drag; and low lift, high drag
configurations, respectively (see Fig. 7.3 for definition of the configurations).
in an increase in CP and a decrease in CL/CP (Fig. 7.7(d)). The CL/CP data point
at ∆τR=0.1 is lower than expected (Fig. 7.7(d)); this is likely due to the very high CP
incurred when the wing executes very rapid rotations at the start and the end of each
stroke (see Fig. 7.8(c)), which increases the CP significantly.
Overall, Figs. 7.7 (a) and (b) show that, at high αM , WT generates higher lift than
NH at comparable or better hovering efficiency across the range of ∆τR considered.
Conversely, at low α, Figs. 7.7 (c) and (d) show that WT is consistently more efficient
than NH. Although NH does generate higher lift than WT at high ∆τR, this is achieved
at a significant efficiency penalty. Taking both lift and hovering efficiency into account,
one can generally conclude that WT is superior across the range of ∆τR considered.
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7.6 Effect of τR
The effect of rotation timing (τR) is investigated by making use of the Re=4,000 results
from Series 4 and 5, which are shown in Fig. 7.9. According to the definition in Fig. 7.2,
negative τR results in advanced rotation while positive τR indicates delayed rotation.
Figures 7.9(a) and (b) show the results for Series 4 (αM=45
◦). For NH, advanced
rotation increases CL slightly at τR=−0.05, beyond which advanced rotation becomes
detrimental to CL (Fig. 7.9(a)). Conversely, delayed rotation for NH is detrimental to
CL. For NH, the best efficiency is obtained at τR=0.00; both advanced and delayed
rotation are detrimental to CL/CP (Fig. 7.9(b)). The CL trend for NH is consistent with
results in literature (Sane and Dickinson, 2001; Wu and Sun, 2004; Ansari et al., 2008;
Nagai and Isogai, 2011; Phillips and Knowles, 2011; Lua et al., 2015). The decrease in
CL/CP when advanced rotation is applied is likely due to the increase in aerodynamic
drag — this is consistent with past results by Nagai and Isogai (2011), Ansari et al.
(2008) and Lua et al. (2015).
Conversely, for the αM=45
◦ WT motion, Fig. 7.9(a) shows that both advanced and
delayed rotation cause CL to decrease significantly. For advanced rotation, this is accom-
panied by a slight increase in CL/CP at τR=−0.05 (Fig. 7.9(b)); further increase in the
magnitude of advanced rotation is detrimental to CL/CP . Likewise, delayed rotation is
highly detrimental to CL/CP (Fig. 7.9(b)).
The Series 5 results, which depict the effect of τR at αM=25
◦, are shown in Figs.
7.9(c) and (d). Note that the Series 5 results show generally similar trends compared to
those of Series 4 (Figs. 7.9(a) and (b)). Hence, the aerodynamic mechanisms that give
rise to the Series 4 and 5 trends are likely to be similar.
As to how τR gives rise to the trends in Fig. 7.9, this can be investigated by referring
to the transient α, CL and CP for Series 4 NH and WT motions as shown in Fig. 7.10.
Focusing first on the NH motions (Figs. 7.10(a) to (c)), it is apparent that during the
first half of the stroke (t∗=4.00 to 4.25), advanced rotation (τR=−0.10) generally yields
higher CL and CD (and therefore CP ) than the reference τR=0.00 motion (Figs. 7.10(b)
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Figure 7.9: CL (left column) and CL/CP (right column) from Series 4 (top row) and
Series 5 (bottom row) experiments and simulations conducted at Re=4,000.
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and (c)). This can be attributed to two factors. First, the τR=−0.10 motion is in the
high lift, moderate drag α configuration throughout the first half of the stroke (Fig.
7.10(a)). Second, the vortex structures in Fig. 7.11 indicate that the τR=−0.10 motion
has a more stable LEV structure than the reference τR=0.00 motion. Specifically, Fig.
7.11 shows that the D5 LEV1 of the τR=−0.10 motion is stable from t∗=4.10 to 4.15,
but the reference τR=0.00 motion shows partial sheding of D5 LEV1 near the wing tip
near t∗=4.15, where the initial D5 LEV1 is detached from the wing and a new D5 LEV2
is formed at the leading-edge.
During the second half of the stroke (t∗=4.25 to 4.50), the advanced NH motion
(τR=−0.10) is pitching up, which causes α to enter the low lift, high drag α configuration,
followed by the negative lift configuration (Fig. 7.10(a)). As a result, CL of the τR=−0.10
NH motion is lower but CP of the τR=−0.10 NH motion is higher compared to those of
the reference τR=0.00 NH motion (Figs. 7.10(b) and (c)). Note that the τR=−0.10 NH
motion has slightly negative CL from t
∗=4.40 to 4.45 (Fig. 7.10(b)) due to the negative
lift α configuration (Fig. 7.10(a)).
As for the delayed rotation motion (τR=+0.10), Fig. 7.10(a) shows that the delayed
rotation motion has excessively high α during the first half of the stroke, which results
in lower CL generation from t
∗=4.00 to 4.25 (Fig. 7.10(b)). Note that the τR=+0.10
motion has negative CL at the start of the stroke due to α > 90
◦. Conversely, during the
second half of the stroke, the delayed rotation NH motion (τR=+0.10) show very similar
CL and CP compared to the reference τR=0.00 motion (Fig. 7.10(b) and (c)).
Overall, advanced rotation causes NH to generate higher CL during the first half of the
stroke and lower CL during the second half of the stroke compared to the reference motion
(Fig. 7.10(b)). The overall effect of advanced rotation is determined by the relative
magnitude of these two counter-acting effects. If τR is excessively negative, the entire
second half of the stroke will occur at excessively high α, which is very detrimental to CL
as shown in Figs. 7.9(a) and (c). Also, advanced rotation causes CP to increase during
the first and second half of each stroke (Fig. 7.10(c)), which increases CP significantly,
resulting in a decrease in CL/CP (Figs. 7.9(b) and (d)). Conversely, delayed rotation for
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Figure 7.10: Instantaneous α (top row), CL (middle row) and CP (bottom row) for NH
(left column) and WT (right column), obtained from Series 4 simulations (αM=45
◦)
conducted at Re=4,000. ‘LL, LD’, ‘HL, MD’ and ‘LL, HD’ refer the the low lift, low
drag; high lift, moderate drag; and low lift, high drag configurations, respectively. ‘NL’
refers to configurations that generate negative lift due to α < 0◦ or α > 90◦.
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Figure 7.11: Iso-surface of Qˆ=−5 at t∗=4.10 and 4.15 for Series 4 NH with varying τR.
NH causes a significant decrease in CL during the first half of each stroke (Fig. 7.10(b)),
resulting in a significant decrease in both CL and CL/CP (Fig. 7.9).
Moving on to the effect of τR on WT, it is apparent from Figs. 7.10(e) and (f) that
advanced rotation (τR=−0.10) causes CL and CP to be lower than those of the reference
τR=0.00 motion during the second half of the stroke, which can be attributed to the
decrease in α as shown in Fig. 7.10(d). Conversely, delayed rotation (τR=+0.10) for
WT reduces α during the first half of the stroke (Fig. 7.10(d)), resulting in decreased
CL and CP compared to the reference τR=0.00 motion (Figs. 7.10(e) and (f)). Overall,
WT with advanced or delayed rotation suffers from the significant decrease in CL (Fig.
7.10((e)) due to the sub-optimal α profiles (Fig. 7.10((d)), which decreases the CL with
little benefit to CL/CP (Fig. 7.9).
7.7 On Leading-Edge Vortex Stability
In the preceding sections, it is apparent that NH often generates lower CL and CP than
WT during the first half of the stroke due to an unstable LEV which results in full
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or partial LEV shedding (see Figs. 7.6 and 7.11). This LEV shedding phenomenon is
investigated in greater detail by plotting the contours of normalised spanwise vorticity
(ωˆS) at the plane corresponding to the R2 position of the wing. Four cases are considered
in this analysis, namely:
1. Reference NH motion with αM=45
◦, ∆τR=0.3 and τR=0.00.
2. NH with short rotation duration (∆τR=0.1).
3. NH with advanced rotation (τR=−0.10).
4. Reference WT motion with αM=45
◦, ∆τR=0.3 and τR=0.00.
ωˆS contours taken from the first downstroke are shown in Fig. 7.12. The first down-
stroke is used so that the contours are free from wake vortices from subsequent strokes
which may convolute the observation. Here, ‘LEV’ and ‘TEV’ refer to leading-edge and
trailing-edge vortices, respectively. Additionally, due to the rapid rotation of the wing,
some cases may generate additional rotational vortices (‘RoV’).
From Fig. 7.12(a), it is apparent that the LEV of the reference NH motion is already
present at t∗=0.05, where α is high. Subsequently, as the wing pitches down, the LEV
detaches from the wing, indicating LEV instability. Conversely, Fig. 7.12(b) shows the
NH motion with short rotation duration. The rapid pitching down motion at the start of
the stroke causes the formation of RoVs; these RoVs dissipate rapidly at the end of the
pitching motion. Subsequently, the main LEV begins to form at t∗=0.10 and remains
attached to the wing at t∗=0.20. For the advanced rotation case (Fig. 7.12(c)), NH
begins each stroke near αM with no subsequent pitching down motion. As a result, the
LEV remains attached until t∗=0.20. Lastly, for the reference WT case (Fig. 7.12(d)),
the wing pitches up gradually from α=0◦, resulting in a stable LEV that grows gradually
in strength.
It is thus apparent that the shedding of the LEV from NH is associated with the
pitching down motion. This phenomenon can be explained as follows. It is well-establshed
that a flapping wing with high α is able to form and maintain a significantly stronger
LEV compared to a wing with low α (see Sun and Du, 2003; Lu et al., 2006; Ozen and
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Figure 7.12: ωˆS contours from the first downstroke of four selected cases.
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Rockwell, 2012; Bos et al., 2013). During the first half of the downstroke, the reference
NH motion travels a significant distance at high α, which generates a strong initial LEV.
Subsequently, the wing pitches down and α becomes too low to maintain the LEV,
resulting in LEV shedding. This LEV shedding does not occur for the remaining cases
in Figs. 7.12(b) to (d) because the motions do not feature a pitching down motion after
the formation of the LEV. Overall, this LEV instability causes most of the NH motions
to yield lower lift generation compared to the equivalent WT.
7.8 Effects of Re
Aerodynamic performance of NH and WT motions at low Re is investigated by repeating
the Series 1 to 5 experiments at Re=100. The Series 1 results obtained at Re=100 are
shown in Fig. 7.13 and they appear very similar to those obtained at Re=4,000 (see
Fig. 7.4). The main difference is that the magnitude of CL is significantly lower at
Re=100 compared to Re=4,000, which is unsurprising considering that LEV is known to
be considerably weaker at lower Re (Birch et al., 2004; Wu and Sun, 2004; Liu and Aono,
2009; Harbig et al., 2013b; Zheng et al., 2013a). Additionally, when αM decreases from
25◦ to 15◦, the Re=100 result shows a decrease in CL/CP but the Re=4,000 result shows
an increase in CL/CP . This can be attributed to the very high friction drag encountered
at Re=100 due to viscosity, which increases CP significantly for the case of αM=15
◦ at
Re=100. Apart from this, the overall aerodynamic performance trend is not significantly
affected by Re. Hence, the Re=100 results for the remaining series have been omitted to
avoid repetition.
7.9 Overall Comparison of NH and WT in Hover
The overall aerodynamic performance of NH and WT are compared by plotting the
hovering efficiency (represented by CL/CP ) against CL, which is shown in Figs. 7.14(a)
and (b) for the case of Re=4,000 and 100, respectively. It is apparent that for a given
value of CL, WT is able to achieve higher CL/CP than NH. Additionally, WT is able to
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Figure 7.13: (a) CL and (b) CL/CP from Series 1 experiments conducted at Re=100.
achieve higher values of CL that is unattainable by NH. Hence, it can be said that for any
NH motion within the parameter space considered, there exists a possible WT motion
that outperforms NH in terms of lift generation, hovering efficiency or both. In other
words, for 3D flapping wings in hover, WT motions outperform NH motions in terms of
pure aerodynamic performance.
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Figure 7.14: Overall aerodynamic performance for NH and WT at (a) Re=4,000 and (b)
Re=100.
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7.10 Water Treading in Thrust Generation Mode
7.10.1 Background
In the preceding section, it is apparent that WT outperforms NH under the hovering
condition, where the wing is in the lift generation mode. A natural extension to the
above study is to investigate the effectiveness of WT in the thrust generation mode,
where a freestream velocity (U∞) is encountered and the thrust force acts against U∞.
This scenario is encountered by the wing during forward flight. The presence of U∞
introduces two additional parameters, namely, the advance ratio (J) and the stroke plane
angle (β). For the present 3D scenario, J is defined based on Uref as shown in equation
(7.2). The stroke plane angle (β) is the angle between the stroke plane and the direction
of U∞, which is shown in the schematic drawings for NH and WT in thrust generation
mode depicted in Fig. 7.15.
J = 2U∞/Uref = U∞/ (2fφ0R2) (7.2)
Figure 7.15: Schematic drawings for (a) NH and (b) WT in thrust generation mode.
In this study, the aerodynamic performance of NH and WT in thrust generation mode
is compared. The flapping motion is defined by a simple harmonic motion (equation (7.3))
with ϕ0=60
◦. The rotating motions for NH and WT are given in equations (7.4) and
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(7.5), respectively. Two values of αM are considered, namely, αM=45
◦ and 65◦.
ϕ = ϕ0 cos(2πt
∗) (7.3)
ψ = 90◦ − (90◦ − αM ) sin(2πt∗) (7.4)
ψ = αM sin(2πt
∗) (7.5)
The stroke plane is defined by β=90◦, which creates a scenario where the force is
almost pure thrust with minimal lift generation. Note that during actual forward flight,
both lift and thrust forces are generated simultaneously, hence, β will take on a value
between 0◦ to 90◦ rather than the β=90◦ studied here. Nevertheless, the results from
this β=90◦ study will yield insight on the effectiveness of NH and WT motions in thrust
generation, which is a good indication on whether the motions will perform well in
forward flight. The aerodynamic performance is evaluated at J=0.0, 0.5, 1.0, 2.0 and 4.0.
This selection of J is based on Taylor et al. (2003), who reported that most flying and
swimming animals cruise at the optimum J of approximately 3.3. Hence, the present
simulations cover the J values ranging from stationary hover to cruising flight. The
generic elliptic wing (see Fig. 3.3 in section 3.1.1) is used and Re=4,000 is imposed.
7.10.2 Simulation Method
Aerodynamic performance is obtained using the CFD simulation method described in
Chapter 3, which is slightly modified so that U∞ can be imposed. The schematic draw-
ing of the modified CFD setup is shown in Fig. 7.16. The sliding mesh domain (spherical
region) is coupled with a stationary domain (cubic region) via a mesh interface where
fluxes moving from one zone into the other are calculated by the solver and projected
onto the adjacent zone. The boundary conditions defined on the cubic region are: veloc-
ity inlet on the top surface, zero pressure outlet on the bottom surface and symmetric
boundary condition on the remaining surfaces. Thrust force (FT ) is defined as the force
component that is acting directly against U∞ and the lift force (FL) is normal to FT .
Thrust coefficient (CT ), lift coefficient (CL) and power coefficient (CP ) are computed
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from equations (7.6) to (7.8). Note that unlike some studies in literature that make
use of U∞ as the reference velocity for CT , CL and CP , the present study makes use of
the average wing velocity Uref ; this is to ensure consistency with the preceding sections
where the wing operates in hovering mode (U∞=0).









Figure 7.16: Schematic drawing of the CFD setup for the thrust generation mode.
The simulation results are validated against the experimental measurements con-
ducted by Nagai et al. (2009), where a bumblebee wing model underwent insect-like
flapping motions in a water tunnel in the presence of a freestream velocity. Two cases
with different advance ratio (J) are considered, namely, J=0.20 and 0.47. CL, CT and CP
obtained from the present simulations are compared with Nagai et al. (2009) as shown in
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Fig. 7.17. Generally, the simulations are in close agreement with the experiments except
for the presence of sharp transient peaks in the CFD results. These peaks are generated
due to the sharp changes in the flapping and rotating velocity profiles (see Nagai et al.,
2009). It is likely that the peaks are absent in the experimental measurements due to
the use of low-pass filter. Overall, it is concluded that the present CFD approach offers
reasonable accuracy.
Figure 7.17: CL, CT and CP obtained from present simulations, compared with experi-
mental measurements conducted by Nagai et al. (2009). Shown here are the (a) J=0.20
and (b) J=0.47 bumblebee forward flight cases.
7.10.3 Results
The aerodynamic performance of NH and WT in thrust generation mode are shown in
Fig. 7.18, where CT and CT /CP are plotted against J=2U∞/Uref . From Fig. 7.18(a), it is
apparent that increasing J causes a decrease in CT , which is unsurprising considering that
U∞ tends to impose a drag force on the wing. CT for WT decreases more rapidly than
NH, and the αM=45
◦ cases have a higher rate of CT decrease compared to the αM=65
◦
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cases. The propulsive efficiency, represented by CT /CP , is shown in Fig. 7.18(b) — note
that cases with negative CT have been omitted from Fig. 7.18(b). For both NH and WT,
CT /CP decreases as J increases. It is apparent from Fig. 7.18(b) that when J < 1.0,
WT is more efficient than NH. However, when J > 1.0, WT has poor efficiency due to
the very low CT generation as shown in Fig. 7.18(a).
Figure 7.18: Comparison of (a) CT and (b) CT /CP obtained for NH and WT at varying
J and Re=4,000. Cases with CT < 0 are ommitted from (b).
Overall, when J ≤ 0.5, WT is more efficient than NH while generating almost identical
thrust. Between 0.5 < J < 1.0, WT is more efficient than NH but yields lower thrust
generation. When J ≥ 1.0, WT is ineffective as it generates low thrust at poor efficiency.
The reason behind this trend is best explained using the plot of effective angle of attack
(αe) for NH and WT at αM=45
◦. Here, αe at the R2 position of the wing are computed
based on equation (7.9) and the results are shown in Fig. 7.19. Only the αe during the
downstrokes are shown due to the symmetry between downstrokes and upstrokes.






It is apparent from Fig. 7.19 that for both NH andWT, αe decreases when J increases.
The decrease in αe is more obvious near the start and the end of the stroke where ϕ˙ ≈ 0.
For NH, although αe is reduced when J > 0, αe remains positive thoughout the stroke
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until J ≥ 4. For WT, significant portions of the stroke occur at negative αe when J > 0.
The αe=−90◦ condition at t∗=0.0 and 0.5 for WT with non-zero J occurs because the
wing has ψ=0◦ relative to the stroke plane at the start and the end of each stroke,
which is aligned at β=90◦ relative to the freestream (refer to Fig. 7.15). This scenario
is associated with high drag generation which is very detrimental to CT . Consequently,
thrust generation for WT decreases very rapidly as J increases, which explains the poor
performance of WT in thrust generation mode.
Figure 7.19: αe for wings undergoing (a) NH and (b) WT at αM=45
◦ with varying J .
7.11 Closing Remarks on Water Treading Motion
The aerodynamic performance of NH and WT motions in hover has been evaluated. The
results show that WT offers two main advantages over NH. First, WT tends to yield a
stable LEV while NH has a higher tendency for LEV shedding. Second, NH inevitably
passes through a high α, high drag region during stroke reversal while WT carries out
stroke reversal within the low α, low drag configuration. These two factors allow WT to
achieve higher lift generation and/or higher hovering efficiency compared to NH.
However, the performance of WT deteriorates in the thrust generation mode where
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a freestream velocity is present. For both NH and WT, a higher freestream velocity
is associated with a decrease in αe. For WT, which operates predominantly at low
geometric α, this causes significant parts of the flapping stroke to occur at negative αe,
which significantly reduces the effectiveness of WT in terms of thrust generation. As a
result, WT outperforms NH when J ≤ 0.5, but NH is the more effective thrust generating
motion when J > 0.5.
Hence, whether a FWMAV should implement the ubiquitous NH motion or the uncon-
ventional WT motion is dependent on the application of the FWMAV. WT is a feasible
choice only if the mission requires the FWMAV to hover in a stationary position over
an extended period of time. For more general missions which demand the FWMAV to






Experimental measurement, numerical simulation and semi-empirical modelling meth-
ods have been established and used to investigate the effects of wing kinematics on the
aerodynamics of 3D flapping wings. The main objectives are to better understand the
physics of unsteady aerodynamics and to provide the necessary groundwork and insight
that will result in improved aerodynamic performance for future flapping wing micro air
vehicles (FWMAVs). The results yield five main conclusions.
8.1.1 Improved Quasi-Steady Aerodynamic Modelling
Semi-empirical quasi-steady aerodynamic models for 3D flapping wings are useful design
tools that provide rapid performance predictions. However, most models in literature
are only designed for one specific geometry and flow condition. The quasi-steady model
development in Chapter 4 shows that if the effects of Reynolds number (Re), Rossby
number (Ro) and wing geometry parameters such as aspect ratio (AR) and taper ratio
(λ) are taken into consideration, the resultant model can yield reasonably accurate results
for cases with different wing geometry and flow conditions. Compared to existing mod-
els in literature, which are developed for one specific flow condition and a specific wing
geometry, the present model is applicable to a wide range of flow conditions and wing
geometry while having similar accuracy. Hence, this model is a considerable improve-
ment over the existing models and can be useful during the preliminary design phase of
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FWMAVs. It has also been used here as an aerodynamic performance optimisation tool
(see Chapter 6).
8.1.2 Effect of Aspect Ratio
Previous studies in literature have reported different findings on how AR of an insect-
inspired flapping or revolving wing affects the mean lift generation. Here, it is noted
that the results in literature have inadvertently included the effects of Ro into the AR
investigations, and therefore may have concealed the true effect of AR. Hence, numerical
simulations have been conducted to investigate the aerodynamic effects of varying AR
under constant Ro and vice versa. The results show that when Ro effects are isolated
by maintaining constant Ro, the effect of AR on an insect-inspired revolving wing is
remarkably similar to that of a conventional fixed-wing. Specifically, an increase in AR
is associated with a decrease in 3D wing tip effects, which results in increased mean lift
generation. This similarity between the AR effect in fixed and flapping wings have not
been reported before in literature. These findings help to address contradictory results
reported in literatures and highlight the importance of taking both AR and Ro into
consideration when conducting scaled experiments on flapping wing aerodynamics.
8.1.3 Leading-Edge Vortex Stability
It is well-established that the LEV of a 3D flapping wing is stable at sufficiently low Ro.
However, the present experimental and numerical studies have shown an unexpected de-
crease in force generation during the pitching down phase of some insect-inspired motions.
Visualisation of the CFD results reveals that the force decrease is due to the shedding
or partial shedding of the initial LEV, which occurs if the wing undergoes pitching down
motion after forming a strong initial LEV at high α. This is because the strength of the
LEV on a flapping wing increases with α. During the pitching down motion, it is possible
that α is reduced to a level that the strong initial LEV can no longer be maintained,
resulting in LEV shedding.
This LEV shedding phenomenon is observed under several circumstances throughout
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this study. (i) LEV shedding from a wing undergoing hawkmoth motion in section 4.8.3,
which leads to an observable error in quasi-steady model, (ii) shedding of initial LEV
from wings undergoing 8D and U elevating motions (see sections 5.3.3 and 5.3.5) as a
result of excessively high effective α at the start of the stroke imposed by the elevating
motion, (iii) partial shedding of LEV from the wing undergoing optimum SHM in section
6.4, and (iv) LEV shedding from wings undergoing certain NH motions in section 7.7.
8.1.4 Secondary Details of Insect-Like Wing Kinematics
In addition to the primary motions (i.e. downstroke, supination, upstroke, pronation),
the motion of a typical insect wing contains some secondary details such as the elevating
motion and the complex pitching motions. The importance of these secondary details is
not well-established; they may serve some purpose in augmenting the aerodynamic per-
formance, or may simply be the unintended consequence due to the structural properties
of the insect wings and flight muscles.
A parametric study on elevating motion reveals that the elevating motion is usually
detrimental to aerodynamic performance. Beneficial elevating motion only occurs for a
very specific set of wing kinematics, namely, the figure-of-eight motion at low mid-stroke
α, where lift generation is noticeably increased (up to 11%) at an insignificant cost to
efficiency. Likewise, an optimisation study has been conducted to compare the aerody-
namic performance of insect-like wings undergoing a simple harmonic rotating motion
(SHM) against a similar wing undergoing a more complex insect-imitating rotating mo-
tion (IIM). IIM is found to be 9% more efficient than SHM when optimised for efficiency
and yields 4% higher lift than SHM when optimised for maximum lift generation. This
indicates that the more complex pitching motions observed on flying insects do play a
role in improving the aerodynamic performance.
Overall, the results show that the secondary details of insect-like wing kinematics do
augment the aerodynamic performance to a certain degree. However, implementation of
these secondary kinematic details on a FWMAV will demand a more complex actuation
system which will result in increased cost and weight. Hence, FWMAV designers need
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to select the best compromise between simplicity and aerodynamic performance based
on their particular mission requirements.
8.1.5 Water Treading Motion
Some studies in literature have explored an alternative wing motion profile known as
the water treading motion (WT). Unlike the conventional normal hovering motion (NH)
that begins each stroke at high α, water treading begins each stroke near α=0◦. For 3D
flapping wings in hover, WT outperforms NH in terms of lift generation and/or hovering
efficiency. This is because WT generates a more stable LEV than NH and also avoids
the high α, high drag stroke reversal phase that occurs at the end of each NH stroke.
Although WT outperforms NH under hovering conditions (i.e. lift generation mode),
its aerodynamic performance deteriorates under the thrust generation mode, where a
freestream velocity is present. The freestream velocity reduces the effective α of the wing
throughout the flapping stroke. WT, which has near zero α at the start and the end
of each flapping stroke, suffers from an extended period of negative effective α, which is
detrimental to thrust generation. Also, as freestream velocity increases, the performance
of WT in thrust generation mode deteriorates rapidly when compared to NH. Overall,
the results indicate that WT is the superior kinematics for a flapping wing hovering at
zero or low freestream velocity, while NH is the preferred motion for high speed forward
flight.
8.2 Recommendations
8.2.1 Aerodynamic Modelling of Forward Flight
As an extension to this study, it may be possible to modify the quasi-steady model to
predict the aerodynamic performance of 3D flapping wings in forward flight. The main
challenge of developing a forward flight model is to take into account the freestream




8.2.2 Leading-Edge Vortex Stability
The shedding or partial shedding of LEV may occur if the wing undergoes pitching down
motion after significant LEV formation. However, details of this LEV shedding behaviour
is unexplored. For example, what are the effects of Re, Ro, pitching velocity and vortex
formation time on this shedding behaviour?
8.2.3 Wing Flexibility
The present study focuses mainly on the effect of wing kinematics on the aerodynamic
performance of rigid flapping wings. However, the wings of actual flying insects are known
to be highly flexible. Although many studies have been conducted in the past to investi-
gate the effects of wing flexibility, there remains no established method of quantifying the
wing flexibility and its effects on aerodynamic performance. Hence, the aerodynamics of
flexible insect-like flapping wings remain a vast field to be explored by future researchers.
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